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Introduction 

To  characterize  neuropathological  consequences  of  excess  acetylcholinesterase  (AChE),  we 
employed  transgenic  mouse  models  that  had  been  developed  under  previous  USARMED 
support.  These  mice  demonstrated  an  association  between  an  excess  of  AChE  and  acutely 
adverse  responses  (in  brain  and  intestine)  to  pyridostigmine  and  diisopropylfluorophosphonate, 
respectively  a  carbamate  and  an  organophosphate  inhibitor  of  AChE.  The  stress-associated 
“readthrough”  AChE-R  variant  is  seen  also  in  progenitor  blood  cells,  which  suggests  that  it  may 
prove  to  be  a  surrogate  marker  for  reactions  to  anti-AChE  agents  and  for  studies  on  protection 
against  them.  Moreover,  AChE-R  accumulates  in  the  brain  of  mice  following  head  injury;  its 
pre-injury  excess  exacerbates  tissue  damage;  and  its  suppression  by  antisense  agents  improves 
survival  and  recovery  of  the  animals.  In  an  effort  to  discover  the  chain  of  cellular  events  that  link 
the  excess  of  AChE  with  the  long-term  pathological  consequences,  we  used  a  2-hybrid  yeast 
screen  to  discover  an  interaction  of  AChE-R  with  RACK1 ,  a  protein  kinase  cargo  protein  that  is 
involved  in  signaling  processes.  Animal  models  that  carry  a  tetracycline-inducible  antisense 
sequence  designed  to  destroy  AChE  mRNA  upon  administration  of  low  doses  of  a  tetracycline, 
are  now  being  characterized.  Within  the  extended  promoter  of  the  ACHE  gene,  we  found  a  4  bp 
deletion  that  induces  excess  transcription  and  hypersensitivity  to  pyridostigmine  through 
impairment  of  a  transcription  factor  (HNF313)  binding  site,  and  discovered  a  novel  mutation  that 
disrupts  the  glucocorticoid  binding  site.  Finally,  we  found  that  AChE-R,  which  specifically 
increases  following  psychological  stress,  has  inhibitor  sensitivities  that  are  quantitatively 
different  from  those  of  the  synaptic  form  of  the  enzyme.  The  AChE-R  variant  thus  emerges  as 
the  key  scavenger  and  acetylcholine-hydrolyzing  agent  in  several  mammalian  tissues  under 
various  stress  insults. 

In  greater  detail,  results  are  reported  according  to  the  tasks  enumerated  in  the  grant  application, 
except  for  task  4,  which  is  awaiting  approval  for  human  studies: 

1.  To  characterize  the  sensory,  cognitive  and  neuromotor  consequences  of  a  transgenic  excess 
in  AChE  variants. 

2.  To  employ  transgenic  mouse  models  with  up  to  300-fold  differences  in  peripheral  AChE 
levels  for  demonstration  of  direct  correlation  between  AChE  dosage  and  protection  from 
stress  and  chemical  warfare  agents  and  to  test  their  responses  to  pyridostigmine 
administration. 

3.  To  develop  RT-PCR  tests  in  peripheral  blood  cells  of  model  animals,  and  additional 
surrogate  markers,  for  follow-up  of  responses  and  protection. 

4.  To  adapt  such  tests  to  use  in  humans  following  accidental  exposure  to  agricultural  anti-ChEs. 

5.  To  employ  the  transgenic  mouse  models  to  test  effects  of  sudden  changes  in  AChE  levels  at 
all  the  above  sites  and  functions. 

6.  To  delineate  the  protein  partners  through  which  AChE  exerts  non-catalytic  signals  which 
lead  to  delayed  symptoms. 

7.  To  develop  tetracycline-inducible  animal  models  in  which  AChE  activity  can  be  induced  or 
antisense-suppressed  at  will. 

8.  To  continue  the  search  for  promoter  sequence  polymorphisms  which  lead  to  natural 
variations  in  human  AChE  levels  and  correlate  them  with  responses  to  anti-ChEs. 

9.  To  expedite  transgenic  models  for  production  from  milk  of  recombinant  human  AChE,  as  a 
potential  scavenger. 


4 


Task  1:  Characterize  consequences  of  excess  AChE  variants  in  transgenic  animals. 


Excess  AChE-R  attenuates  but  AChE-S  intensifies  neurodeterioration  correlates 

Acute  stress  increases  the  risk  for  neurodegeneration,  but  the  molecular  signals  regulating  the 
shift  from  transient  stress  responses  to  progressive  disease  are  not  yet  known.  The  “readthrough” 
variant  of  acetylcholinesterase  (AChE-R)  (Fig.  1)  accumulates  in  the  mammalian  brain  under 
acute  stress  (Fig.  2).  Therefore,  markers  of  neurodeterioration  were  examined  in  transgenic  mice 
overexpressing  either  AChE-R  or  the  “synaptic”  AChE  variant,  AChE-S  (Fig.  3).  Several 
observations  demonstrate  that  excess  AChE-R  attenuates,  whereas  AChE-S  intensifies, 
neurodeterioration.  In  the  somatosensory  cortex,  AChE-S  transgenics,  but  not  AChE-R  or  control 
FVB/N  mice,  displayed  a  high  density  of  curled  neuronal  processes  indicative  of  hyperexcitation 
(Table  1).  In  the  hippocampus,  AChE-S  and  control  mice,  but  not  AChE-R  transgenics  presented 
progressive  accumulation  of  clustered,  heat  shock  protein  70-immunopositive  neuronal 
fragments  (Fig.  4),  and  displayed  a  high  incidence  of  reactive  astrocytes  (Fig.  5).  Our  findings 
suggest  that  AChE-R  serves  as  a  modulator  that  may  play  a  role  in  preventing  the  shift  from 
transient,  acute  stress  to  progressive  neurological  disease,  with  its  characteristic  astrocyte 
reactivity  (Fig.  6).  This  work  has  appeared  as  Stemfeld  et  al.  (2000)  Proc.  Natl.  Acad.  Sci.  USA 
97,8647-8652. 
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region  I  ACHE  (7q22)  6  Fig.  1.  Organization  of  the  A  CHE  gene. 

The  human  gene  is  located  at  q22  on 
chromosome  7.  Its  coding  region  is  comprised  of 
6  exons,  the  first  of  which  encodes  a  leader 
sequence  and  the  next  4  of  which  encode  the 
core  protein  that  is  part  of  each  AChE  variant. 
Alternative  splicing  of  the  pre-mRNA  gives  rise 
to  three  variants,  the  synaptic  (S),  erythrocytic  (E)  and  readthrough  (R)  forms,  depending  upon 
whether  exons  5  and  6  and  pseudointron  4  are  included. 


In  both  stress  and  injury,  the  physiological  response  to  insult  is  the  up-regulation  of  AChE-R 
expression.  In  one  possible  scenario,  AChE  is  generally  beneficial.  Its  elevation  following 
chronic  low-level  exposure  to  anti-cholinesterases  or  stress  may  be  sufficient  to  mitigate  or 
reverse  the  deleterious  effects.  In  the  case  of  a  high-level  exposure  to  an  anti- AChE  or  to  severe 
stress,  this  response  may  be  inadequate,  and  the  deterioration  overwhelms  the  body’s  protective 
mechanism.  The  expression  of  AChE-R  may  therefore  be  considered  “good”  but  not  always 
good  enough.  Alternatively,  AChE-R  may  serve  the  short-term  goal  of  preventing  the  over- 
stimulation  of  cholinergic  mechanisms,  but  at  the  cost  of  long-term  deleterious  effects.  In  the 
short  term,  the  up-regulation  of  AChE  levels  would  prevent  seizures  by  restoring  normal 
cholinergic  neurotransmission.  In  contrast,  in  the  long  term,  as  AChE  is  a  homolog  of  cell 
adhesion  molecules,  it  may  disrupt  the  architecture  of  synapses  and/or  the  blood-brain  barrier.  In 
this  case,  the  long-term  effect  of  AChE-R  is  “bad”.  Further  studies  will  be  required  to 
satisfactorily  resolve  this  issue.  As  part  of  this  effort,  we  prepared  a  polyclonal  rabbit  antiserum 
selective  for  the  C-terminal  peptide  that  is  unique  to  AChE-R 
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Preparation  of  antibodies  directed  at  the  AChE  Readthrough  Peptide  (ARP) 

The  DNA  sequence  encoding  ARP  was  PCR  amplified  from  AChE-R  cDNA  using  the  following 
primers:  GCT  GGA  TCC  ATC  GAG  GGG  CGA  GGT  ATG  CAG  GGG  CCA  GCG  GGC 
(upstream)  and  TAT  AAG  CTT  CTA  GGG  GGA  GAA  GAG  AGG  GGT  (downstream).  The 
resultant  fragment  was  introduced  into  the  open  reading  frame  of  a  pGEX-KG  plasmid 
(Pharmacia)  and  expressed  in  E.  coli  to  yield  a  glutathione-S-transferase  (GST)-ARP  fusion 
protein.  Contamination  of  bacterial  proteins  was  removed  from  the  E.  coli  lysates  by  20  min 
incubation  at  37  °C  with  0.2  mM  Mg-ATP.  GST  and  ARP-GST  fusion  protein  were  purified 
from  the  supernatant  of  E.  coli  lysates  by  affinity  chromatography  on  glutathione-Sepharose 
(Pharmacia)  in  the  presence  of  protease  inhibitors,  aprotinin  (10  pg/ml;  Boehringer/Mannheim; 
Germany),  benzamidine  (5  mM;  Sigma,  Israel),  Pefabloc  SC  (0.2  mM;  Merck,  Darmstadt, 
Germany)  and  EDTA  (1  mM).  Elution  with  10  mM  reduced  glutathione  in  50  mM  Tris-HCl,  pH 
8.0,  was  followed  by  dialysis  against  0.1  M  ammonium  acetate  buffer,  pH  7.0  and  lyophilization 
of  aliquot  samples.  Protein  purity  was  tested  by  SDS-PAGE.  New  Zealand  female  rabbits  were 
immunized  subcutaneously  with  0.3  mg  fusion  protein  in  complete  Freund's  adjuvant.  Monthly 
reimmunizations  were  with  0.2  mg  fusion  protein  in  incomplete  Freund's  adjuvant.  Ten  days 
after  immunization,  specific  antibodies  were  detected  in  the  sera  by  ELISA,  using  immobilized 
fusion  protein,  in  the  presence  of  excess  soluble  GST  (20  flg/ml).  Immobilized  ARP-GST,  GST, 
and  E.  coli  lysate  were  prepared  using  Affigel  10  beads  (Bio-Rad)  according  to  manufacturer's 
recommendations.  Crude  IgG  fraction  was  prepared  from  the  reactive  sera  by  50%  saturated 
(NH4)2S04  precipitation  and  dialysis  (100  mM  Tris-HCl,  pH  8.0).  To  eliminate  antibodies 
against  anti-GST  or  bacterial  proteins,  IgG  fractions  were  repeatedly  incubated  with  bead-bound 
GST  or  heat-shocked  E.  coli  lysate  proteins  (overnight,  4  °C).  Antibodies  were  eluted  with  4.5  M 
MgCL.  Unbound  fractions  were  then  incubated  with  ARP-GST  beads  (2  h,  room  temp,  or 
overnight,  4°C).  The  bound  fraction,  eluted  with  3.5  M  MgCl2,  was  dialyzed  against  10  mM  Tris- 
HCl,  pH  8.0,  and  then  against  PBS,  containing  0.025%  NaNj.  This  antibody  has  been  transferred 
to  Dr.  M.  Mesulam  of  Northwestern  University  School  of  Medicine  for  investigations  into 
Alzheimer’s  disease. 


Morphological 

Abnormality 

Measurement 

AChE-S 

AChE-R 

control 

curled  processes,  cumulative  length 

3080  ±  210  pO.0001 

1410  ±150 

1070 ± 170 

(NFT  200) 

0.48  mm2  (pm) 

cortex  thickness  (pm) 

230  ±7 

240  ±8 

230  ±5 

GABAergic 

cells  cortical  layers  1-3 

210  ±  4 

190  ±14 

190  ±19 

intemeurons 

cells  cortical  layers  4-6 

250  ±12 

270  ±14 

250  ±10 

(parvalbumin) 

cell  area  (pm2) 

68  ±  3 

66  ±  3 

60  ±  3 

GABAergic 

cells  cortical  layers  1-3 

290  ±10 

300  ±6 

260  ±15 

intemeurons 

cells  cortical  layers  4-6 

61  ±5 

73  ±2 

76  ±  5 

(calbindin  D28K) 
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57  ±  2 


55  ±1.5 


54  ±2 


cell  area  (gm2) 


neuronal  fragment 

clusters  per  section 

3.3  ±0.8 

0.4  ±  0.2  p<0.02 

1.7  ±0.4 

clusters,  (NFT 

cluster  area  (pm2) 

3470  ±370 

2090  ±500* 

2060  ±230 

200) 

fragments/  cluster 

1 10  ±  16  p<0.002 

70  ±15  * 

46  ±  4 

fragment  density  in  cluster 

0.032±  0.002  p<0.03 

0.035±  0.008  * 

0.023±  0.002 

neuronal  fragment 

clusters  per  section 

6.2  ±2.1  p<0.005 

0.4  ±  0.3 

1.7  ±0.7 

clusters,  (HSP  70) 

cluster  area  (pm2) 

2690  ±  380  p<0.03 

1370  ±280  * 

1690  ±240 

fragments/  cluster 

50  ±  6  p<0.02 

30  ±  7  * 

31  ±  4 

fragment  density  in  cluster 

0.020  ±0.001 

0.022±  0.004  * 

0.019±  0.001 

astrocytes  (GFAP) 

total  number  of  cells 

270  ±9 

250  ±10 

270  ±10 

percent  of  hypertrophic  cells 

24  ±2 

16  ±  3  p<0.03 

24  ±2 

Presented  are  average  values  ±  standard  error  of  the  mean  (s.e.m.)  for  the  measurements  of 
morphological  features  noted  in  text.  The  antibody  used  for  staining  is  noted  in  parentheses.  Age 
groups  of  4  and  8-10  month  old  mice  were  combined  for  calculations,  except  for  the  clustering 
phenomenon,  which  increased  with  age  and  for  which  the  data  presented  (pooled  from  3  mice)  is 
for  the  8-10  month  group.  A  normal  distribution  could  not  be  assumed  and  non-parametric  tests 
were  used:  Kruskal- Wallis’s  for  the  main  effects  of  transgenic  line  or  age  and  Mann- Whitney’s 
for  multiple  comparisons  of  transgenic  lines.  Significant  p  values  (in  comparison  to  control  mice) 
are  noted  where  appropriate. 

*In  AChE-R  transgenics,  the  small  number  of  clusters  found  precluded  any  statistical 
comparison  of  cluster  area  and  number  of  fragments/cluster. 


Somatosensory  Cortex 


Fig.  2.  AChE-R  immunoreactivity  in  transgenic  brain. 

Shown  is  AChE-R  immunoreactivity  in  high  magnification 
photomicrographs  of  coronal  sections  1.2  mm  posterior  to 
Bregma  from  the  brains  of  control  (Ct)  mice  and  the  AChE-Rts 
transgenics  (R45).  Note  that  ARP  immunostaining  is  apparent 
only  in  neurons,  that  both  somata  and  processes  are  stained  and 
that  the  intensity  of  neuronal  staining  is  highly  variable  between 
the  different  brain  regions 


Fig.  3.  Overexpression  of  AChE  in  transgenic 
brain. 

A.  AChE  activity  in  brain  regions  of  transgenic 
mice.  Shown  are  rates  of  acetylthiocholine 
hydrolysis/min/mg  protein  in  homogenates  of  basal 
nuclei  (basal  nuc.),  cortex  and  hippocampus  (hipp.) 
of  AChE-S  (S),  AChE-R  of  line  45  (R45)  or  70  (R70) 
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Position  in  gradient 


transgenics  and  control  (Ct)  mice,  all  from  the  FVB/N  strain.  Bars  present  averages  ±  s.e.m.  for 
homogenates  from  4-5  mice  of  each  pedigree.  Note  that  elevation  in  catalytic  AChE  activity, 
though  non-significant,  is  common  to  all  transgenic  lines. 

B.  AChF,  immunoreactivitv  in  cortex  of  transgenic  mice.  Shown  are  average  intensities  ±  s.e.m. 
of  immuopositive  bands  following  SDS-PAGE,  immunoblot  and  densitometric  analysis  of 
cortical  homogenates  from  transgenic  and  control  mice.  The  antibody  employed  was  targeted 
against  the  common  N-terminal  domain  of  AChE;  the  positive  signal  obtained  with  this  antibody 
in  control  mouse  samples  (see  inset)  demonstrates  massive  cross  reactivity  with  the  mouse 
enzyme.  Intensities  were  determined  for  the  3  main  immunopositive  bands  (see  inset)  from  5-8 
lanes  loaded  with  protein  from  individual  mice  of  each  strain  and  are  presented  as  percentage  of 
control  values  within  the  same  gel.  Note  that  elevation  in  immunoreactivity,  though  non¬ 
significant,  is  common  to  all  transgenic  lines.  Inset:  an  example  of  an  immunoblot  film,  showing 
the  main  bands  in  each  lane  for  each  of  the  transgenics  and  controls  at  the  same  order  as  in  the 
bar  graph. 

C.  Altered  multimeric  assembly  Shown  are  sucrose  gradient  profiles  for  AChE  in  the  cortex  of 
control  (Ct),  AChE-S  (S)  and  AChE-R  (line  R45)  mice.  Arrows  denote  the  sedimentation  of 
bovine  catalase  (C;  11.4  S)  and  alkaline  phosphatase  (AP;  6.1  S).  Note  elevation  in  AChE 
tetramers  (G4;  ~10  S)  or  monomers  (Gl;  ~4.4  S)  and  the  altered  ratio  between  these  isoforms  in 
the  different  transgenics. 


Fig.  4.  Evidence  for  neuronal  process 
malformation  in  AChE-S  transgenic  mice. 

Above:  example  micrographs  from  control  (Ct)  and 
AChE-S  transgenics  (S)  immunolabeled  for 
neurofilament  (NFT)  200.  Below:  cumulative  length 
(averages  ±  s.e.m.)  of  all  axonal  or  dendritic 
segments  displaying  a  corkscrew-like  pattern  are 
displayed  on  high  magnification  micrographs  from 
the  parietal  cortex  of  4  or  8-  10  month  old  AChE-S 
(S)  and  AChE-R  (R)  transgenics  and  control  mice. 
Numbers  were  derived  from  three  coronal  sections 
containing  the  somatosensory  cortex,  1-2  mm 
posterior  to  Bregma  from  each  of  6  male  mice  per 
group.  Analysis  using  the  Seescan  Image  Analysis 
system  (Seescan  pic,  Cambridge,  UK)  was  on  32 
subfields,  of  150  pm  (width)  x  100  pm  (height)  (total 
area  of  0.48  mm2).  *  p<0.001. 
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Fig.  5.  Clustered  neuronal  fragments. 

Shown  are  coronal  brain  sections  from  8-10  month  old 
control  and  transgenic  mice  following  immunostaining  of 
neurofilament  200  (NFT  200)  or  heat-shock  protein  70 
(HSP  70)  with  cresyl  violet  counter  staining.  Top:  Low 
magnification  image,  in  which  gray-black  clusters  of 
neuronal  fragments  immunopositive  for  NFT  200 
(surrounded  by  red  frames)  are  apparent  in  the  stratum 
radiatum  layer  of  hippocampal  CA1-3  regions  (1.6-2. 8 
mm  posterior  to  Bregma).  Center  and  bottom  rows:  High 
magnification  images  of  the  framed  regions,  stained  for 
HSP  70  and  NFT  200,  respectively.  Clusters  including 
over  10  neuronal  fragments  were  counted  in  3  sections 
from  each  mouse,  2  to  4  mm  posterior  to  Bregma.  Bars 
present  counted  clusters  per  section  as  average  ±  s.e.m. 
for  6  mice  from  each  strain  and  age  group  (4  and  8-10 
month  old).  Ct-  control  FVB/N  mouse;  S-  AChE-S 


transgenic  mouse;  R-  AChE-R  transgenic  mouse. 


Fg.  6.  Astrocyte  reactivity. 

Normal  and  reactive  astrocytes  were  counted  in  the 
stratum  lacunosum  moleculare  in  hippocampal  sections  2 
to  4  mm  posterior  to  Bregma,  (3  from  each  of  6  mice  in 
each  strain).  Shown  is  GFAP  astrocyte  labeling  in  coronal 
brain  sections  from  4  month  old  transgenic  and  control 
mice.  Note  that  in  normal  astrocytes,  only  dendrites  are 
stained  and  soma  are  pale  or  invisible,  while  reactive 
cells  display  highly  immunoreactive  soma  and  enhanced 
dendritic  staining.  Top:  example  low  magnification 
micrographs  of  dentate  gyrus  (DG;  left)  and  CA3  (right) 
hippocampal  regions  of  control  (Ct)  mice.  Center  and 
bottom:  high  magnification  images  of  stratum  lacunosum 


moleculare  from  the  hippocampal  CA3  subregion  from  control,  AChE-S  (S)  and  AChE-R  (R) 
mice.  Insets:  individual  astrocytes  stained  for  GFAP.  Inset  size  bar  equals  1  |im.  Bar  graph: 
percent  reactive  astrocytes  out  of  the  total  counted  astrocytes  (average  ±  s.e.m.  of  n  =  6  mice  for 


each  group).  *  p<0.05. 
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Task  2:  To  employ  transgenic  mouse  models  with  up  to  300-fold  differences  in  peripheral 
AChE  levels  for  demonstration  of  direct  correlation  between  AChE  dosage  and  protection 
from  stress  and  chemical  warfare  agents  and  to  test  their  responses  to  pyridostigmine 
administration. 

Hypersensitivity  to  anti-AChE  agents  in  seen  in  humans  and  in  transgenic  mice. 

Hypersensitivity  to  acetylcholinesterase  inhibitors  (anti-AChEs)  causes  severe  nervous  system 
symptoms  under  low  dose  exposure.  In  our  study,  three  individuals  were  identified  as  being 
heterozygous  for  a  4  bp  deletion  in  the  extended  ACHE  promoter  region.  Proband  1,  a  30-year- 
old  woman,  of  Ashkenazi  Jewish  origin  and  no  significant  history  of  adverse  drug  responses, 
received  a  single  oral  dose  of  30  mg  pyridostigmine,  a  dose  considered  safe,  which  is  given 
prophylactically  under  anticipation  of  chemical  warfare.  Within  1  hr,  peripheral  blood  AChE  fell 
to  an  almost  undetectable  level,  increasingly  severe  muscle  fasciculations  developed, 
accompanied  by  intense  headache,  rhinnorea,  lacrimation  and  frequent  urination.  These  acute 
symptoms  continued  for  3  days,  and  resolved  into  a  5-day  period  of  extreme  fatigue,  muscle 
weakness  and  general  malaise.  Proband  2,  a  72-year  old  man,  was  hospitalized  due  to  a  multi¬ 
infarct  dementia  (MID),  a  condition  caused  by  blood  flow  deprivation  during  a  multi-focal 
stroke,  which  damages  several  brain  regions.  Proband  3  was  a  39  year  old  woman  of  Turkish 
origin  with  a  history  of  3  spontaneous  abortions  performed  under  general  anesthesia  who 
suffered  from  excessive  unexplained  vomiting  during  a  fourth  pregnancy.  The  conclusion  from 
these  findings  is  that  there  are  serious  consequences  of  a  constitutive  overexpression  of  AChE. 
As  other  carrier  members  of  the  families  of  the  probands  were  asymptomatic,  one  must  conclude 
that  the  additional  genetic  and/or  non-genetic  factors  affect  the  phenotype  of  the  mutation. 

This  phenomenon  was  explored  in  experimental  animals.  AChE-overexpressing  transgenic  mice, 
unlike  normal  FVB/N  mice,  displayed  anti-AChE  hypersensitivity  and  failed  to  transcriptionally 
induce  AChE  production  following  exposure  to  anti-AChEs.  Moreover,  AChE  transgenics  were 
found  to  overexpress  the  stress-associated  transcription  factor  HNF36  in  brain  neurons.  This 
work  has  appeared  as  Shapira  et  al.  (2000)  Hum.  Mol.  Gen.  9, 1273-1281. 

Fig.  1.  Anti-AChE  exposure  induces 
trasncriptional  AChE  activation  in  the 
intestine  of  normal  but  not  AChE- 
overexpressing  transgenic  mice.  Presented 
are  representative  transverse  ileum  sections 
prepared  from  mice  2  hrs  post-injection  (i.p., 
1  mg/Kg  body  weight)  of  DFP  or  saline. 
Columns  present  AChE-R  mRNA  signal 
quantified  in  similar  micrographs  as 
percentages  of  labeled  area  out  of  the  villus  area  (means  of  2-5  villi  from  2-6  animals,  1-3 
separate  experiments  for  each  animal  ±  s.d.).  Asterisks  denote  statistically-significant  differences 
(Scheffe’s  test,  p<0.01).  Note  the  drastic  increase  in  AChE-R  mRNA  levels  within  the  intestinal 
epithelium  (E),  the  muscularis  mucosa  (MM)  and  the  intestinal  gland  (G)  regions  of  DFP-treated 
normal  mice. 
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Fig.  2.  HNF3J3  is  elevated  in  the  brain  of  hAChE- 
overexpressing  mice  and  is  co-expressed  with  AChE  in 
diverse  human  hematopoietic  lineages. 

Hippocampal  expression  of  HNF3ft  increases  in 
transgenic  mice.  Representative  micrographs  of  in  situ 
hybridization  experiments  performed  on  FVB/N  mouse 
saggital  brain  sections  obtained  from  control  and 
transgenic  mice  (n  =  2  for  each  group).  Shown  are  the 
CA1,  CA2  and  the  dentate  gyrus  (DG)  hippocampal 
structures,  known  to  express  AChE.  Note  the  increase  in 
HNF3P  mRNA,  (red  signal)  in  both  regions  of  transgenic 
mice. 

B.  Hematopoietic  expression.  Presented  are  RT-PCR 
products  amplified  using  primers  specific  for  the  domain 
common  to  all  human  AChE  splice  variants  (top)  or  for 
rat  HNF3P  (bottom),  from  RNA  of  human  hematopoietic 
cells,  sorted  by  flow  cytometry  from  umbilical  cord 
blood.  Shown  are  products  from  CD34-positive 
progenitor  cells  (CD34+),  CD34-negative  fully-committed 
white  blood  cells  and  megakaryocytes  (CD34'),  mature 
megakaryocytes  (CD41+)  and  white  blood  cells  (CD41'). 
All  express  AChE  and  the  expected  ca.  300-bp  HNF3P 
product  (arrow;  also  produced  in  the  liver  carcinoma 
HepG2  cell  line)  accompanied  by  a  ~400-bp  unidentified 
product.  M,  size  marker.  No  products  appeared  in  control 
reactions  containing  no  RT  (data  not  shown). 
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Task  3:  To  develop  RT-PCR  tests  in  peripheral  blood  cells  of  model  animals,  and 
additional  surrogate  markers,  for  follow-up  of  responses  and  protection. 

ARP,  a  peptide  derived  from  acetylcholinesterase  modulates  blood  cell  composition  under 
stress 

Because  we  have  now  found  that  in  situ  hybridization  coupled  with  confocal  imaging  gives  a 
higher  sensitivity  than  PCR,  and,  of  course  a  spatial  resolution  that  is  impossible  with  PCR,  we 
have  chosen  to  use  this  method  for  analysis  of  mRNA  on  the  cellular  level. 

Psychological  stress  induces  rapid  and  long-lasting  changes  in  blood  cell  composition,  implying 
deterministic  events  in  gene  expression.  Here,  we  report  that  0.6  |lM  cortisol  elevates 
"readthrough"  acetylcholinesterase  (AChE-R)  mRNA  levels  in  human  CD34+  hematopoietic 
progenitor  cells.  Nanomolar  concentrations  of  ARP,  a  synthetic  peptide  corresponding  to  the 
unique  C-terminal  domain  of  AChE-R,  effectively  replaced  both  cortisol  and  stem  cell  factor  in 
promoting  expansion  of  progenitor  cells  into  myeloid  and  megakaryocyte  lineages  ex  vivo. 
Following  forced  swim  stress  a  peptide  reacting  with  anti- ARP  antiserum  accumulated  in  mouse 
blood.  In  stressed  mice,  exogenous  ARP  augmented  hematopoietic  expansion  ex  vivo.  In 
contrast,  antisense  suppression  of  AChE-R  mRNA  blocked  hematopoietic  expansion,  prevented 
accumulation  of  immunoeactive  peptide  in  bone  marrow,  and  suppressed  hematopoietic 
responses.  Our  findings  demonstrate  a  potent  hematopoietic  growth-factor  activity  for  ARP,  and 
point  to  a  role  for  AChE  in  the  hematopoietic  response  to  stress  that  is  attributable  to  the  C- 
terminal  peptide  of  AChE-R. 


Table  1 .  The  effect  of  various  conditions  on  cultured  cell  count3 


total 

CD34+ 

(early 

CD33+  (early 

CD33+  and 
CD  15+ (total 

CD41+ 

treatment 

viable  cells 

progenitors) 

myeloids) 

myeloids) 

(megakaryocytes) 

control 

61.0 

1.0 

7.2 

12.3 

30.9 

ARP,  2  nM 

570.0 

87.2 

329.0 

530.0 

42.3b 

cortisol,  1.2  pM 

80.0 

13.0 

45.0 

73.0 

10.1b 

ASP,  2  nM 

100.0 

7.2 

10.0 

13.0 

4.6b 

SCF,  50  ng/ml 

118.0 

6.3 

69.0 

72.0 

2.6b 

AS1, 20  pM 

81.2 

1.4 

2.4 

5.0 

30.9 

PBAN,  2  nM 

105.0 

1.7 

1.6 

3.1 

52.9 

“Cultures  were  seeded  at  50,000  cells/well.  Shown  are  cells  per  culture  x  10'3  on  day  14;  1  of  3 
reproducible  experiments . 

bThese  are  also  CD34+  positive  early  cells  with  expansion  potential. 
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AS1  concentration,  nM 


Fig.  1.  Cortisol  enhances  and  AS1  suppresses  AChE-R 
mRNA  in  human  CD34+  cells  A.  Confocal  images  of 
human  CD34+  cells  incubated  for  24  hr  with  the  noted 
cortisol  concentrations  following  in  situ  hybridisation  with 
cRNA  probes  for  the  noted  transcripts.  Right: 
pseudocolour-coded  scale  of  staining  intensity.  B. 
Average  ±  standard  deviation  fluorescent  signal  measured 
in  confocal  projections  (10-20  cells  per  group)  of  CD34+ 
treated  with  cortisol  and  subjected  to  in  situ  hybridization 
with  AChE-S  and  -R  specific  probes.  Asterisks  note 
statistically  significant  differences  from  control  (p<0.001, 


Student’s  t  test).  C.  Figure  shows  an  inverted,  selective,  dose-dependent  suppression  of  AChE-R 


mRNA  in  CD34+  cells  by  AS  1,  an  antisense  oligonucleotide  targeted  to  exon  2  in  AChE  mRNA. 


AChE-R/ARP  p 

A  GMQGPAGSGWEEGSGSPPGVTPLFSP-COOH 


Fig.  2.  ARP  accumulates  in  mouse  serum  following 
stress 

A.  Amino  acid  sequence  of  synthetic  human  ARP, 
starting  at  the  splice  site  from  the  AChE  core  domain.  (3 
Strand  was  predicted  using  the  GCG  software  package 
(University  of  Wisconsin).  Hydrophobic  residues  are 
shown  in  red. 

B.  Immunoblot  labeling  with  affinity-purified  anti-GST- 
ARP  antibodies.  Lanes:  recombinant  (r)  AChE-R  from 
transfected  COS  cells  mixed  with  synthetic  ARP; 
rAChE-S  (Sigma)  mixed  with  synthetic  AChE-S  C- 
terminal  peptide  (ASP);  serum  from  saline-injected 
(control)  or  stressed  mouse  24  hr  post-treatment. 


A  stress  stress  stress 

+  AS1  +  ARP 


Fig.  3.  ARP  has  short-  and  long-term  effects  on 
blood  cells  composition  in  vivo  A.  Bone  marrow 
smears,  24  hr  post-stress  (with  or  without  AS1  or 
ARP  treatment)  immunolabeled  with  anti  GST- ARP 
antibodies.  B.  Left:  No.  of  ARP-immunopositive 
cells  in  5  fields  of  bone  marrow  smears  (avg  ±  s.e.m. 
for  3  mice  in  each  group).  Right:  White  blood  cell 
counts  (at  least  3  mice  per  group).  C.  1  week 
clonogenic  cultures  of  bone  marrow  cells  derived 
from  mice  receiving  the  noted  treatments. 


control  stress  control  stress 
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Task  5:  To  employ  the  transgenic  mouse  models  to  test  effects  of  sudden  changes  in  AChE 
levels  at  all  the  above  sites  and  functions. 


Antisense  prevention  of  neuronal  damages  following  head  injury  in  mice. 

Closed  head  injury  (CHI)  is  an  important  cause  of  death  among  young  adults  and  a  prominent 
risk  factor  for  non-familial  Alzheimer’s  disease.  Emergency  intervention  following  CHI  should 
therefore  strive  to  improve  survival,  promote  recovery,  and  prevent  delayed  neuropathologies. 
We  employed  high-resolution  non-radioactive  in  situ  hybridization  to  demonstrate  that  a  single 
intracerebroventricular  (i.c.v.)  injection  of  500  ng  2’-0-methyl  RNA-capped  antisense 
oligonucleotide  (AS-ODN)  (Fig.  1)  against  acetylcholinesterase  (AChE)  mRNA  blocks 
overexpression  of  the  stress-related  readthrough  AChE  (AChE-R)  mRNA  splicing  variant  in 
head-injured  mice  (Figs.  2,3).  Silver-based  Golgi  staining  revealed  pronounced  dendrite 
outgrowth  in  somatosensory  cortex  of  traumatized  mice  14  days  post-injury  that  was  associated 
with  sites  of  AChE-R  mRNA  overexpression  and  suppressed  by  anti-AChE  AS-ODNs  (Fig.  4). 
Furthermore,  antisense  treatment  reduced  the  number  of  dead  CA3  hippocampal  neurons  in 
injured  mice  (Fig.  5),  and  facilitated  neurological  recovery  as  determined  by  performance  in  tests 
of  neuro-motor  coordination  (Fig.  6).  In  trauma-sensitive  transgenic  mice  overproducing  AChE, 
antisense  treatment  reduced  mortality  from  50%  to  20%,  similar  to  that  displayed  by  head- 
injured  control  mice  (Fig.  7).  These  findings  demonstrate  the  potential  of  antisense  therapeutics 
in  treating  acute  injury,  and  suggest  antisense  prevention  of  AChE-R  overproduction  to  mitigate 
the  detrimental  consequences  of  various  traumatic  brain  insults.  This  study  has  appeared  as 
Shohami  et  al.  (2000)  J.  Mol.  Med.  78, 228-236. 
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Fig.  1.  The  antisense  strategy. 

AChE  displays  two  independent  biological  activities. 
Some  activities  depend  on  the  hydrolysis  of  actylcholine; 
others,  on  non-enzymatic  features  of  the  protein  that  are 
presumed  to  mediate  cell  adhesion  processes. 
Conventional  pharmacology  targets  the  enzyme’s 
catalytic  activity  by  either  blocking  access  of  substrate  to 
the  active  site,  or  by  inactivating  the  catalytic  triad 
through  the  formation  of  non-regenerating  enzyme 
intermediates.  Commonly  used  therapeutic  AChE 
inhibitors  do  not  differentiate  between  AChE  isozymes 
and  do  not  inhibit  the  non-cataltyic  activities  of  the 
protein  In  contrast,  AS-ODNs  targeting  AChE  mRNA, 
block  de  novo  synthesis  of  AChE  protein,  thereby 
blocking  both  its  catalytic  and  non-catalytic  activities. 
The  low  cellular  abundance  of  AChE  mRNA,  the  high 
specificity  of  antisense  agents,  and  the  differential 
stabilities  of  the  various  alternative  AChE-encoding 


mRNAs,  allow  the  use  of  very  low  doses  of  ODNs  to  target  specific  ACHE  isoforms. 


14 


FVB/N 


Contra 


Contra 


1 


100  pm 


total 

AChE-R 

mRNA 


dendrite 
AChE-R 
mRNA  r( 


■  W  I »  Sill  vumid  mi  vwimo  ■  •  i  ,  •  j  . 

*  _  Fig.  2.  Antisense  oligonucleotides  suppress  trauma- 

1  a  induced  accumulation  of  readthrough  AChE-R  mRNA 

*  Plfe;  mouse  brain.  Male  adult  FVB/N  mice  were  subjected 
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inn  |ppj|  ’•••  injected  after  1  hr  into  the  left  ventricle  with  either  saline 

^f-AS  AS3 1 ;  or  500  ng  of  the  partially  2’0-methyl-protected  20-mer 

=  ?/'  C.5:-  u  AS-ODN  AS3  and  sacrificed  14  days  later.  In  situ 

IV  P|  J&M  lodpm  hybridization  was  performed  on  5  jxm  paraffin-embedded 

brain  sections  using  a  50-mer  biotinylated  2'-0-methyl 
cRNA  probe  targeted  to  intron  14  in  mouse  AChE-R 
mRNA.  Staining  was  with  Fast  Red. 

i.  total  j.  dendrite  a-d.  Brightfield  digital  photomicroscopy  images  of  cortical 

=  ACh&fl  AC£S'.R  «  layers  I-IV  from  injured  (a,c)  and  contralateral  (b,d) 

J  ■  -AS  T  l  =  3  hemispheres.  Sites  of  AChE-R  mRNA  accumulation  are 

x  jl  BAS3  J  l3  |g  indicated  by  red  staining.  Note  the  intense  staining  of 

f  ^-5  cortical  neurons  on  the  injured  vs.  contralateral  side  of  the 

°  ^  ^  brain  and  the  pronounced  bilateral  reduction  in  staining 

o0<w  o°°  following  a  single  unilateral  injection  of  AS3 . 

e-h.  Shown  are  representative  confocal  images  of  neurons 
from  somatosensory  cortex.  Note  the  massive  accumulation  of  AChE-R  mRNA  in  both  somata 
and  apical  dendrites  (white  arrows).  AS3  dramatically  suppressed  the  accumulation  of  AChE-R 
mRNA  in  neurons  from  both  the  injured  (e  vs.  g)  and  contralateral  (f  vs.  h)  hemispheres  and  in 
both  subcellular  compartments. 

i-j.  Densitometric  analysis  was  performed  on  confocal  images  of  cortical  neurons  as  depicted  in 
Fig.  2e-h.  (i).  Columns  represent  the  total  number  and  standard  deviation  of  pixels/cell  for  10-20 
neurons  in  each  group  (left)  or  the  percent  of  total  pixels  detected  within  dendrites  (right)  for  the 
injured  and  contralateral  hemispheres  of  mice  injected  with  saline  or  AS3.  Note  the 
disproportionately  high  levels  of  AChE-R  mRNA-specific  fluorescence  in  neurons  from  the 
injured  as  compared  to  contralateral  hemisphere,  and  the  4-6-fold  reduced  levels  of  staining  in 
animals  treated  with  AS3.  The  relative  fraction  of  AChE-R  mRNA  appearing  in  dendrites  was 
unmodified  by  antisense  intervention  (j). 
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Fig.  3.  Head  trauma  elicits  pronounced  bilateral 
accumulation  of  endogenous  AChE-R  mRNA  in  AChE 
transgenic  mice.  Experimental  details  were  as  in  Fig.  1 
except  that  saline  was  replaced  with  an  irrelevant 
oligonucleotide  ,  ASB  (see  Methods),  as  control.  Note  that 
transgenic  mice,  as  opposed  to  control  FVB/N  mice  display 
prominent  overexpression  of  AChE-R  mRNA  in  both  the 
injured  and  non-injured  brain  hemispheres  following  head 
injury. 

a-d.  Brightfield  microscopy.  In  brains  from  traumatized 
AChE  transgenic  mice  with  preexisting  AChE  excesses, 
similarly  intense  red  hybridization  signals  were  observed  in 
cell  bodies  and  dendrites  of  neurons  from  both  the  injured  and 
contralateral  hemispheres.  AS3  effectively  suppressed  AChE- 
R  mRNA  expression  in  both  hemispheres, 
e-h.  Confocal  microscopy  as  in  Fig.  1. 

i-j.  Densitometric  analysis  as  in  Fig.  1,  note  the  more  intense 


staining  and  higher  dendrite  localization  of  AChE-R  mRNA  in  the  contralateral  hemisphere  of 


transgenics  as  compared  to  FVB/N  mice. 


A. 

KDa 


// 


AChE-R 


anti-ARP 


cannulated 


Fig.  4.  AS3  suppresses  trauma-induced  overproduction  of 
immunoreactive  AChE-R  protein.  A.  Selective  immunodetection 
of  the  AChE-R  protein.  To  selectively  label  the  AChE-R  variant, 
rabbits  were  immunized  with  a  recombinant  fusion  protein  of 
glutathione  transferase  (GST)  with  the  26  amino  acid  C-terminal 
peptide  unique  to  AChE-R  (ARP).  The  resultant  antiserum,  affinity 
purified  to  remove  anti-GST  antibodies,  selectively  labeled 
recombinant  (r)  AChE-R  produced  in  transfected  Cos  cells  (66-67 
Kd)  and  an  apparent  AChE-R  degradation  product  (~  30  Kd),  but  not 
purified  rAChE-S  (Sigma,  St.  Louis)  in  immunoblot  analysis.B.  AS3 
suppresses  AChE-R  labeling.  Cortical  homogenates  from  AChE 
transgenic  mice  injected  icv  with  either  AS3  or  ASB  on  two 
consecutive  days  were  subjected  to  SDS-PAGE  on  a  4-20%  reducing 
gel  and  probed  with  anti-ARP  antiserum.  Shown  are  the 
corresponding  chemiluminescence-labeled  lanes  as  insets  within  a 
bar  graph  representing  the  summation  of  densitometric  analyses  of 


the  six  most  prominent  bands  in  each  lane.  Inset  in  the  right-hand  comer  illustrates  the  position 


of  the  cannula.  Columns  represent  avg  ±  SEM  for  homogenates  from  6  AS3-  and  4  ASB-treated 


mice,  respectively.  A  single  representative  control,  untreated,  non-operated  animal  is  shown 


(naive). 
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Fig.  5.  Antisense  treatment  suppresses  AChE-R  mRNA  and 
neurite  growth  and  promotes  neuron  survival  following 
head  trauma. 

A.  Low  magnification  image  of  whole  brain  sections  from 
head-injured  FVB/N  mice  subjected  to  in  situ  hybridization  as 
in  Fig.  1A.  Note  that  AChE-R  mRNA  is  intensively  expressed 
in  the  injured  hemisphere  (left),  especially  in  the  cortex,  close 
to  the  site  of  injury  (arrows).  AS3  significantly  suppressed 
AChE-R  mRNA  accumulation  in  both  hemispheres. 

B.  Golgi  staining  was  performed  on  brain  sections  from 
FVB/N  or  Transgenic  (Tg)  mice  subjected  to  CHI  and  injected 
i.c.v.  with  either  PBS  or  AS3.  Shown  are  representative  high 
magnification  (xlOOO)  images  from  layer  IV  of  somatosensory 
cortex  on  the  injured  hemisphere  14  days  following  head 
injury.  Note  that  AS3  treatment  notably  reduced  the  density  of 
stained  neurites  in  both  FVB/N  and  transgenic  mice. 

C.  Golgi  staining  performed  on  brain  sections  depicted  in  B 
was  semi-quantified  in  sections  from  uninjured  (sham)  FVB/N 
or  AChE  transgenic  (Tg)  mice  and  from  mice  untreated  (CHI) 

or  treated  with  AS3  (CHI  +  AS3)  following  closed  head  injury.  Presented  are  pseudocolor 
representations  of  cortical  sections  in  which  stained  neurites  appear  red.  Note  the  intense  Golgi 
staining,  representing  high  neurite  density  in  cortex  from  the  injured  hemisphere  of  FVB/N  mice 
and  the  higher  intensity  in  transgenic  mice.  Red  signal  was  significantly  reduced  in  both  FVB/N 
and  Tg  mice  treated  with  AS3. 


intensity  of  staining 


Figure  6.  Live  and  dead  neurons  in  the  CA3  hippocampal  region 
were  counted  in  2  consecutive  sections  from  4  control  and  4 
transgenic  mice  14  days  following  closed  head  injury  with  or  without 
antisense  treatment.  Overt  neuronal  cell  death  was  identified  by  the 
presence  of  pyknotic  black  cell  bodies.  150-200  cells  were  counted 
for  each  mouse.  Columns  represent  the  percent  of  live  neurons 
counted  for  individual  mice.  Note  the  dramatic  bilateral  neuron  loss 
suffered  by  transgenic  as  compared  with  FVB/N  mice  and  the 
minimal  neuron  loss  observed  among  antisense  treated  animals. 
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Fig.  7.  Antisense  treatment  rescues  survival  and 
neurological  recovery  of  injured  mice. 

Survival  and  neurological  recovery  of  FVB/N  and  AChE 
transgenic  mice  were  monitored  following  CHI.  One  hour 
following  trauma,  a  neurological  evaluation  of  the  mice  was 
taken  using  a  graded  balancing  task  of  2  and  3  cm  wide 
beam  crossing.  Recovery  was  monitored  at  various  time 
points  post- trauma  for  each  mouse.  Presented  are 
percentages  of  surviving  mice  (top)  and  average  percent 
successes  for  surviving  mice  in  the  beam  task  (bottom)  on 
the  noted  days  following  trauma.  Note  the  high  mortality 
and  slow  recovery  of  transgenic  mice  compared  to  controls 
and  the  improved  outcome  following  a  single  AS3 
treatment.  Starting  n  =  20-24  mice  per  group. 
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Task  6:  To  delineate  the  protein  partners  through  which  AChE  exerts  non-catalytic  signals 
which  lead  to  delayed  symptoms. 

The  C-terminal  domain  of  AChE-R  interacts  with  RACK1,  a  protein  kinase  C  intracellular 
receptor  of  the  WD  family  of  proteins 

To  identify  potential  protein  partners  of  the  C-terminal  domain  of  AChE-R,  we  utilized  the  Gal4 
two-hybrid  system,  using  as  “bait”  a  peptide  with  the  sequence  of  the  C-terminal  53  amino  acid 
residues  of  AChE-R.  A  human  fetal  brain  two-hybrid  cDNA  library  containing  107  independent 
clones  was  screened  for  interacting  proteins. 

Using  the  two-hybrid  system  for  detection  of  AChE-R  binding  partners,  we  have  discovered  at 
least  one  pathway  through  which  AChE-R  can  exert  its  intracellular  signaling.  In  the  yeast  two- 
hybrid  screen,  we  found  that  a  C-terminal  fragment  of  AChE-R  interacts  tightly  with  RACK1,  a 
G  protein  homology  WD  domain  protein  that  binds  protein  kinase  C.  Using  brain  extracts,  we 
have  further  shown  that  RACK1  creates  66  KDa  complexes  refractory  to  SDS-PAGE  with  yet 
unidentified  protein(s)  in  the  stressed  brain. 

Fig.  1.  Amino  acid  sequence  ACHE-ARP1  used  as  bait  for  the  two  hybrid  system.  The  first 
26  amino  acids  belong  to  the  AChE  common  domain  and  the  underlined  part  belongs  to  the 
actual  ARP-peptide. 

PLEVRRGLRAOACAFWNRFLPKLLSATGMOGPAGSGWEEGSGSPPGVTPLFSP 
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Fig.  2.  Identification  of  AChE- 
R  binding  protein. 

All  of  the  successful  clones 
induced  the  WD  domains  5,6  and 
7,  suggesting  that  this  region  in 
the  RACK1  protein  is  both 
necessary  and  sufficient  for 
AChE-R  -  RACK1  interaction. 
Amino  acid  sequence  alignment  of 
RACK1  with  the  sequence  obtained  from  the  two-hybrid  positive  clone  shows  close  to  100% 
homology.  Furthermore,  only  part  of  the  protein  was  expressed,  which  narrowed  our  search  to 
this  part. 
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Fig.  3.  Overlay  assay  for  AChE-R-RACKl 
binding. 

Purified  RACK.1  samples  were  separated  on  a 
4-20%  denaturing  polyacrylamide  gel  and 
blotted  on  an  nitrocellulose  membrane,  which 
was  stained  with  Ponceau  S.  Three  identical 
strips  were  used  for  parallel  experiments:  one 
was  overlaid  with  a  homogenate  of  PC  12  cells 
overproducing  recombinant  ACHE-14  and 
developed  with  antibody  to  AChE  N-terminus; 
second  strip  serving  as  a  negative  control 
underwent  the  same  treatment  but  without  14 
homogenate;  and  the  third  strip  was  developed 
with  anti-RACKl  antibody  to  identify  bands  containing  RACK1.  Maltose  binding  protein  served 
as  an  internal  control  for  binding  specificity.  Note  that  AChE  interacts  with  RACK1  either  in 
fusion  with  MBP  or  alone,  but  not  with  MBP. 
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Fig.  4.  Accumulation  of  RACKl  immunoreactive  species 
in  the  post-stress  mouse  brain. 

As  AChE-R  was  implicated  in  long-term  neuronal  stress 
responses,  we  decided  to  test  for  neuronal  expression  of 
RACKl  and  examine  its  level  in  the  post-stress  mouse  brain. 

•  *  ‘v  *  :  Immunohistochemical  analyses  with  anti-RACKl  antibodies 
demonstrated  neuronal  expression  of  this  protein. 
Immunoreactive  RACKl  was  clearly  observed  in  the 
cytoplasm  and  proximal  processes  of  pyramidal  neurons, 
both  in  the  mouse  cortex  and  hippocampus.  In  particular, 
RACKl  expression  was  prominent  in  layers  3  and  5  of  the 
frontal,  parietal  and  piriform  cortex  and  in  regions  CA1-3  of 
the  hippocampus.  A  subset  of  these  neurons  also  expresses 
AChE-R  under  acute  psychological  stress.  Moreover,  AChE-R  expression  like  that  of  RACKl,  is 
more  pronounced  in  hippocampal  CA1-3  neurons  than  in  the  dentate  gyrus.  Thus,  RACKl  and 
AChE-R  are  co-expressed  in  large  stress-responsive  neuron  populations. 
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Fig.  5.  Distribution  of  AChE-R  and  RACK1  in  mouse  brain. 

A.  AChE-R  and  RACK1  display  parallel  neuronal  distribution  in  the 
piriform  cortex.  To  further  explore  the  neuron  populations  expressing 
AChE-R  and  RACK1,  adjacent  sections  from  the  same  brains  were 
immunolabeled  with  anti-RACKl  and  anti-AChE-R  antibodies.  Piriform 
cortex  neurons  displayed  co-distribution  with  these  two  antibodies, 
indicating  a  co-localization  of  RACK  1  and  AChE-R. 


B.  RACK1  and  AChE-R  display  distinct 
distributions  in  the  dentate  gyrus.  Unique 
distribution  patterns  were  found  for  AChE- 
R  and  RACK1  in  the  hippocampal  dentate 
gyrus,  where  RACK1  expression  efficacy 
paralleled  its  expression  in  CA3,  but  where 
AChE-R’ s  expression  was  considerably 
weaker  than  that  of  AChE-R.  Intriguingly, 
single  neurons  of  the  hippocampal  region 
that  is  enriched  with  stem  cells  that  are 
capapble  of  proliferation  at  the  adult  phase 
display  both  AChE-R  and  RACK1. 
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Task  7:  To  develop  tetracycline-inducible  animal  models  in  which  AChE  activity  can  be 
induced  or  antisense-suppressed  at  will. 

The  Tet-On  Gene  Expression  Systems  allow  high-level,  regulated  gene  expression  in  response  to 
varying  concentrations  of  tetracycline  (Tc)  or  Tc  derivatives  such  as  doxycycline  (Dox).  In  the 
Tet-Off  System,  gene  expression  is  turned  on  in  the  absence  of  Tc  or  Dox.  In  contrast,  gene 
expression  is  activated  in  the  Tet-On  System  in  the  presence  of  Dox.  The  tet  system  uses  the 
tetracycline  resistance  operon  from  E.  coli  to  control  gene  expression  in  eukaryotic  cells.  The 
system  is  based  on  two  regulatory  elements  derived  from  the  tetracycline-resistance  operon  of 
the  E.  coli  TnlO  transposon — the  tetracycline  repressor  protein  (TetR)  and  the  tetracycline 
operator  sequence  (tetO)  to  which  TetR  binds.  The  gene  to  be  expressed  (in  our  case  RZ  or  AS) 
is  cloned  into  the  pTRE2  "response"  plasmid,  which  contains  the  PhCMV*-i  promoter  upstream  of 
a  multiple  cloning  sites  (MCS).  /*hCMv*-i  is  a  compound  promoter  consisting  of  the  tetracycline- 
responsive  element  (TRE),  which  contains  seven  copies  of  tetO,  and  the  minimal  immediate 
early  promoter  of  cytomegalovirus  (PminCMv)-  The  second  key  component  of  the  system  is  a 
"regulator"  plasmid  which  expresses  a  hybrid  protein  known  as  the  Tc-controlled  transactivator 
(tTA).  tTA  is  encoded  by  pTet-Off  and  is  a  fusion  of  the  wild-type  TetR  to  the  VP  16  activation 
domain  (AD)  of  herpes  simplex  virus.  tTA  binds  the  tetO  sequences  which  brings  the  VP  16 
activation  domain  into  close  proximity  with  the  PhCMV*-i  -  and  thereby  activates  transcription  -  in 
the  absence  of  Tc.  Thus,  as  Tc  is  added  to  the  culture  medium,  transcription  is  turned  off  in  a 
dose-dependent  manner.  The  Tet-On  System  is  based  on  the  "reverse"  TetR  (rTetR),  which 
differs  from  the  wild-type  TetR  by  four  amino  acid  changes.  When  fused  to  the  VP16  AD,  rTetR 
creates  a  "reverse"  tTA  (rtTA)  that  activates  transcription  in  the  presence  of  Dox. 

Construction  of  Ribozvme  (RZ)  and  Antisense  f  AS!  expression  cell  lines  and  transgenic  mice 
under  the  control  of  the  Tet-on  system 

DNA  fragments  encoding  for  150  nt  antisense  (AS-AChE)  RNA  and  37  nt  ribozyme  (RZ-AChE) 
targeted  to  AChE  mRNA  were  cloned  into  a  plasmid  vector  under  tetracycline  controlled 
promoter  (Fig.  1).  Both  AS  and  RZ  are  capable  of  destroying  AChE  mRNA  in  a  sequence- 
specific  manner.  Non-selective  effects  over  AChE-homologous  proteins  were  prevented  by 
positioning  the  binding  sites  for  the  AS  and  RZ  at  the  AChE  mRNA  region  encoding  for  the  C- 
terminal  sequence,  which  shows  no  homology  to  other  genes  in  the  GeneBank.  However,  this 
sequence  is  present  in  all  AChE  variants  produced  by  3 ’-alternative  splicing.  Moreover,  it  has 
previously  been  demonstrated  in  our  lab  that  this  site  displays  particular  vulnerability  to 
ribozyme  degradation.  In  vitro  synthesized  RZ-AChE  successfully  cleaved  an  in  vitro  transcribed 
fragment  of  mouse  AChE  cDNA.  Selection  of  individual  stably  transfected  PC12-TetON  clones 
resulted  in  the  establishment  of  several  (tet)  AS-AChE  and  (tet)  RZ-AChE  cell  lines.  These 
displayed  over  50%  reduction  in  basal  AChE  level  upon  addition  of  the  inducer  doxycycline. 
More  than  one  cell  line  of  each  type  was  selected  to  exclude  the  influence  of  the  integration  site. 
The  relevant  DNA  constructs  were  futher  injected  into  fertilized  mouse  eggs  to  yield  transgenic 
pedigrees,  which  are  currently  being  characterized.  We  intend  to  employ  the  identified  partners 
in  the  in  vivo  conditional  suppression  models  for  studying  the  states  and  molecular  mechanisms 
through  which  AChE  variants  confer  their  C-terminal  specific  morphogenic  functions. 
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Fig.  1.  Teracycline  controlled  expression  of  AChE  ribozyme  and  antisense  constructs. 

The  gene  to  be  expressed  (in  our  case  RZ  or  AS)  is  cloned  into  the  pTRE  "response"  plasmid, 
which  contains  the  Acmvm  promoter  upstream  of  a  multiple  cloning  sites  (MCS).  The  second 
key  component  of  the  system  is  a  "regulator"  plasmid,  which  expresses  a  hybrid  protein.  When 
the  hybrid  protein  is  fused  to  the  VP  16  AD,  it  activates  transcription  in  the  presence  of  Dox. 
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Task  8:  To  continue  the  search  for  promoter  sequence  polymorphisms  which  lead  to 
natural  variations  in  human  AChE  levels  and  correlate  them  with  responses  to  anti-ChEs. 

A  transcription-activating  polymorphism  in  the  A  CHE  promoter  associated  with  acute 
sensitivity  to  anti-AChEs 

Hypersensitivity  to  acetylcholinesterase  inhibitors  (anti-AChEs)  causes  severe  nervous  system 
symptoms  under  low  dose  exposure.  In  search  of  a  direct  genetic  origin(s)  for  this  sensitivity,  we 
studied  six  regions  in  the  extended  22  Kb  promoter  of  the  ACHE  gene  in  individuals  who 
presented  adverse  responses  to  anti-AChEs  and  in  randomly-chosen  controls  (Figs.  1,  2).  Two 
contiguous  mutations,  a  T— >-A  substitution,  disrupting  a  putative  glucocorticoid  response 
element,  and  a  4-bp  deletion  abolishing  1  of  2  adjacent  HNF3  binding  sites,  were  identified  17 
Kb  upstream  to  the  transcription  start  site.  Allele  frequencies  for  these  mutations  were  0.006  and 
0.012,  respectively,  in  333  individuals  of  various  ethnic  origins,  with  a  strong  linkage  between 
the  deletion  and  the  biochemically-neutral  H322N  mutation  in  ACHE's  coding  region. 
Heterozygous  carriers  of  the  deletion  included  a  proband  who  presented  acute  hypersensitivity  to 
the  anti- AChE  pyridostigmine  and  another  with  unexplained  excessive  vomiting  during  a  fourth 
pregnancy  following  3  spontaneous  abortions.  Electromobility  shift  assays,  transfection  studies 
and  measurements  of  AChE  levels  in  immortalized  lymphocytes  as  well  as  in  peripheral  blood 
from  both  carriers  and  non-carriers,  revealed  functional  relevance  for  this  mutation  both  in  vitro 
and  in  vivo  and  showed  it  to  increase  AChE  expression,  probably  by  alleviating  a  competition 
between  the  2  HNF3  binding  sites  (Fig.  3).  Moreover,  AChE-overexpressing  transgenic  mice 
failed  to  transcriptionally  induce  AChE  production  following  exposure  to  anti-AChEs  (Fig.  4). 
Our  findings  point  to  promoter  polymophism(s)  in  the  ACHE  gene  as  dominant  susceptibility 
factors  for  adverse  responses  to  exposure  to  or  treatment  with  anti-AChEs.  This  work  has 
appeared  as  Shapira  et  al.  (2000)  Hum.  Mol.  Gen.  9, 1273-1281. 


24 


ss 

(ft  K> 

ll 

s  ^ 

§g 

U 


G/C, 


G/T, 


CAT, 


160 

120 

80 

40 

0 

80 

20 


ilii 

iltalik) 

I  If 

H*. 

HI  IVVVI 

10 


15 


20 


25 


Position,  Kb 


B 


AP-l 

NFkB 

<p/EB? 


Region  I 


Fig.  1.  ACHE  promoter  polymorphism  in  the 
hypersensitive  proband  I. 

A.  Selecting  domains  prone  to  effective 
polymorphism  in  the  h ACHE  upstream  region. 
Top:  Density  of  consensus  motifs.  Shown  are 
cumulative  numbers  of  consensus  motifs  in  500  bp 
regions  along  the  af002993  cosmid  reverse  DNA 
sequence.  Arrow  above  represents  the  ACHE 
transcription  start  site  (nt.  22465  in  the  cosmid 
sequence.  Bottom:  Nucleotide  pair  patterns. 
Shown  are  percentages  of  the  noted  nucleotide 
pairs  counted  in  60  bp  windows  and  3  nucleotide 
shifts  along  the  af002993  DNA.  Peaks  and  troughs 
represent  homogeneous  sequences;  arrow- 
delineated  Roman  numerals  represent  approximate 
positions  of  primer  pairs  designed  to  amplify  the 
regions  of  interest.  Note  the  high  number  of 
consensus  motifs  located  in  region  I. 

B,  Characteristics  of  the  polymorphic  region  I. 
Top:  Consensus  binding  sites  for  transcription 
factors  in  region  I.  Presented  (wedges)  are 
approximate  positions  within  region  I  of  binding 
sites  for  the  transcription  factors  designated  on  the 
left.  Sites  with  complete  consensus  sequences  as 
well  as  the  GRE  half-palindromic  site,  TGTTCT, 
were  located  using  FindPatterns  of  the  GCG 
software  package  and  the  Matlnspector  program. 

Grey  wedges  represent  consensus  sequences  known  to  bind  either  HNF3a  or  HNF3P;  asterisk 
designates  the  mutated  binding  site.  First  and  last  nucleotides  of  region  I  as  well  as  the 
transcription  start  site  are  marked.  Bottom:  Region  I  sequence.  Presented  is  the  normal  region  I 
sequence  (wt;  the  T/A  substitution  is  circled)  aligned  with  the  mutant  sequence  allele  carrying 
the  4-bp  deletion  (A);  nucleotide  1  is  5267  in  the  af002993  cosmid  reverse  sequence.  The  two 
HNF3  consensus  binding  sites  are  underlined. 
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Wt GTGAGAATGGCTGCTTCATAGACAGAGCAGCCCCGATGGCTGCTGGTTGGCCATTTTTGT 
A  GTGAGAATGGCTGCTTCATAGACAGAGCAGCCCCGATGGCTGCTGGTTGGCCATTTTTGT 

70  80  A  90  100  110  120 

WtTTCGTTTTGTTTTTTATTGTTTG^GTTCTTT'TTTTATTAGrTTGTTTGTTTTGTTGGTT 

130  140  150  160  170  180 

WtGGCTATTTTCTAATGGTTATTTATTGATCGTATGCTAAAGAAGGGGTGGATTATTCATGA 
A  AGCTATTTTCTAATGGTTATTTATTGATCGTATGCTAAAGAACGGCTGGATTATTCATGA 

190  200  210 

Wt  GTTTTCC AG A AG AGGGGTAGG AATTTC  CC AG AAC  TG AG 
A  GTTTTCCAGAAGAGGGGTAGGAATTTCCCAGAACTGAG 


Fig.  2.  Increased  AChE  activity  Levels 
in  blood  from  carriers  of  the  4-bp 
deletion. 

Red  blood  cell  (RBC)  AChE  levels  in 
proband  I,  family  and  control 
individuals.  Shown  is  proband  I’s 
pedigree,  with  the  proband  and  her 
mother  heterozygous  for  the  4-bp 
deletion  (half-filled  circles,  see  below). 


Columns  present  means  of  triplicate  measurements  of  specific  AChE  activity  in  RBC  fractions 
from  members  of  the  proband’s  family.  For  the  control  population,  presented  are  average  ±  s.d. 
(n  =  20). 

R.  AChF.  levels  in  EBV-transformed  lymphoblasts  from  a  deletion-carrying  individual  and  his 
non-carrier  brother.  Presented  are  AChE  activity  levels  in  homogenates  of  EBV-transformed 
lymphoblast  cell  lines  established  from  peripheral  blood  of  proband  II,  a  carrier  of  the  4-bp 
deletion  and  his  non-carrier  brother,  as  depicted  in  the  pedigree.  Shown  are  averages  and 
standard  deviations  of  AChE  levels  in  7  separate  homogenates  normalized  to  total  protein 
measured  with  the  Bio-Rad  °c  protein  assay  kit  (Bio-Rad,  Hercules,  CA). 


Fig.  3.  Functional  characterization  of  region  I  deletion. 

Gel  mobility  shift  assays  reveal  differential  HNF3  p  affinities  for  the  two  normal  and  one  mutant 
region  I  sites.  EMSA  gel  images  show  shifted  probe  bands  (open  wedges),  as  well  as 
supershifted  bands  (filled  wedges;  Ab,  antibody  in  a  1 : 1000  or  1 :500  dilutions  for  wtl  in  the  two 
right  lanes,  respectively).  Probes  used  for  each  assay  are  designated  above  the  respective  table. 
Inset:  Presented  are  the  5’  end-labeled  (filled  circles)  double-stranded  oligodeoxynucleotides 
tested  for  the  binding  capacities  of  the  normal  and  mutant  domains  in  region  I.  Numbers  are  as  in 
Fig.  IB  bottom.  Putative  HNF3-binding  sites  on  these  probes,  are  boxed  and  numbered. 

B.  Differences  in  transcription  activation  abilities  of  the  normal  and  mutant  region  I  sequences. 
Tnset:  Presented  are  AChE  expression  constructs  used  for  transfection  experiments.  Designated 
are  region  I  normal  and  variant  fragments  (dark  grey  boxes;  deletion  dotted),  the  minimal 
promoter  (P),  intron  1  (II),  and  numbered  exons  (E).  Columns  show  fold  increase  values  of 
AChE  activities  in  COS  cells  transfected  with  AC6  (white  bars),  wtAC6  (black  bars)  or  the 
AAC6  vector  (grey  bars),  either  alone  or  together  with  constructs  encoding  the  designated  rat 
transcription  factors,  both  under  control  of  the  rat  phosphogly cerate  kinase- 1  promoter.  Cross- 
hatched  columns  represent  transfections  with  constructs  encoding  the  transcription  factors  alone. 
Shown  are  average  specific  AChE  activities  in  cell  lysates  from  5  transfection  experiments  as 
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compared  with  those  of  cells  treated  with  Lipofectamine  alone,  in  the  same  set  (-).  Asterisks 
mark  activities  significantly  different  (p<  0.01;  Scheffe's  test)  from  those  in  lysates  of  cells 
transfected  with  AC6  alone.  Double  asterisks  mark  an  additional  significant  difference  between 
the  wild  type  and  mutant  groups. 

Fig.  4.  Constitutive  AChE 
overproduction  impairs  the  feedback 
response  to  anti-AChEs. 

A.  Transcriptional  AChE  overproduction 
and  alternative  splicing  confer  protection 
by  increasing  scavenging  capacity.  The 
scheme  shows  the  ACHE  gene  and  its 
extended  promoter,  with  the  2  adjacent 
HNF3P  binding  sites  (black  boxes)  and  an 
additional  binding  site  for  the 
glucocorticoid  receptor  (diagonally- 
striped  box).  Numbered  steps  display  the 
tentative  pathway  of  anti-AChEs 
responses,  as  follows:  (1)  under  normal 
conditions,  the  major  transcript  in  both  the 
central  and  peripheral  nervous  systems  is 
the  synaptic  variant  (AChE-S); 
hematopoietic  cells  express  preferentially 
the  GPI-anchored  AChE-E  isoform.  (2) 
Anti-AChEs  bind  to  the  active  site  in  the 
core  domain  common  to  all  AChE 
isoforms.  This  elevates  acetylcholine 
levels,  causes  cholinergic  excitation  and 
thus  mimics  stress  conditions.  (3) 
Cholinergic  excitation  causes  enhanced 
transcription,  possibly  via  the  c-fos 
transcription  factor  which  is  thought  to  activate  AChE  transcription  under  stress.  (4)  Newly 
transcribed  AChE  mRNA  is  produced.  Alternative  splicing  preference  is  for  production  of 
AChE-R  mRNA  instead  of  AChE-S  mRNA.  (5)  Consequently,  a  new  pool  of  uninhibited,  hyper¬ 
sensitive  AChE-R  molecules  accumulates  in  the  tissue,  increasing  its  inhibitor  scavenging 
capacity. 

B.  Deletion  carriers  mav  fail  to  respond  bv  transcriptional  overproduction  due  to  constitutive 
AChE  accumulation.  With  one  HNF3(3  site  missing,  the  remaining  site  is  more  effectively 
activated  by  the  transcription  factor,  causing  constitutive  AChE  overproduction  (1).  This  leads  to 
AChE  accumulation,  of  which  at  least  some  is  AChE-R.  Anti-AChEs  (2)  would  therefore  inhibit 
preferentially  the  more  sensitive  AChE-R  variant,  leaving  some  enzyme  (possibly  AChE-S,  or 
AChE-E  in  the  case  of  hematopoietic  cells)  uninhibited.  However,  the  feedback  response  (3)  is 
impaired.  This  is  apparently  crucial  for  replenishing  the  enzyme  pool  to  an  extent  sufficient  to 
suppress  acute  post-exposure  symptoms. 
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Task  9:  To  expedite  transgenic  models  for  production  from  milk  of  recombinant  human 
AChE,  as  a  potential  scavenger. 


The  stress-associated  AChE-R  displays  distinct  inhibitor  sensitivities 

Establishment  of  anti-cholinesterase  therapies  for  Alzheimer's  disease  revealed  several  levels  of 
responsiveness,  but  the  molecular  origin  of  such  diversity  is  unclear.  Here,  we  report  differences 
between  the  anti-cholinesterase  sensitivities  of  the  3  C-terminally  distinct  human 
acetylcholinesterase  (AChE)  isoforms  produced  by  alternative  splicing  from  the  original 
transcript  of  the  single  ACHE  gene:  the  major  "synaptic"  AChE-S,  the  "erythrocytic"  AChE-E 
and  the  stress-associated  "readthrough"  AChE-R.  The  3  AChE  variants  display  distinct 
electrophoretic  mobilities  and  are  immunochemically  distinguishable  by  region-specific 
antibodies.  Unlike  AChE-S  and  AChE-E,  the  C-terminal  sequence  of  AChE-R  does  not  support 
dimerization  or  coupling  to  a  glylcophosphatidoinositide  moiety.  When  produced  in  transgenic 
mice,  AChE-R  remained  low  salt-soluble  and  monomeric  (Figs.  1,  2  and  Table  1).  In  vitro 
inhibition  curves  indicated  significantly  higher  sensitivities  of  AChE-R  than  those  of 
recombinant  AChE-S  or  purified  AChE-E  for  the  organophosphates 
diisopropylfluorophosphonate  and  paraoxon,  as  well  as  for  the  pseudoirreversible  carbamate, 
rivastigmine  (Exelon™)  (Fig.  3  and  Table  2).  In  contrast,  all  AChE  isoforms  were  similarly 
sensitive  to  tacrine  (Cognex™)  and  donepezil  (Aricept™);  and  AChE-R  was  4-fold  less 
sensitive  than  AChE-S  to  the  peripheral  site  inhibitor,  propidium.  Transgenic  C-terminally 
truncated  "core"  AChE-C  protein  presented  similar  inhibitor  sensitivities  to  those  of  AChE-R.  In 
vivo,  somatosensory  cortex  extracts  from  AChE-R  transgenics  and  acutely  stressed  mice  had 
larger  proportions  of  monomeric  enzyme  and  displayed  higher  sensitivity  to  rivastigmine,  but 
not  donepezil,  as  compared  to  strain-  and  age-matched  control  mice  and  AChE-S  transgenics 
(Fig.  4).  Our  findings  demonstrate  previously  unsuspected  differences  among  drug  responses  of 
alterntaive  AChE  isoforms  and  predict  stress-related  and  drug-induced  changes  in  the 
responsiveness  to  certain  anti-cholinesterases. 


Table  1.  Production  of  human  AChE  variants  in  milk  of  transgenic  mice 

Three  DNA  constructs  encoding  alternative  isoforms  of  recombinant  human  AChE  (Stemfeld  et 
al.,  1998)  were  used  for  introduction  into  transgenic  mouse  pedigrees.  Milk  of  females  from  each 
of  these  lines  was  collected  from  nursing  mice  7  days  post  partum.  Milk  and  muscle  hydrolysis 
rates  of  ATCh  were  determined  spectrophotometrically  using  a  modification  of  Ellman's  assay 
(Andres  et  al.,  1997),  in  the  presence  or  absence  of  10-5  M  of  the  selective  BuChE  inhibitor  iso- 


promoter  protein 

total  milk  activity 

milk  activity* 

muscle  activity* 

hp 

AChE-S 

3.9  ±0.2 

0.5  ±  0.2 

35.9  ±  1.3* 

cmv 

AChE-C 

13  ±  2 

7.1  ±0.6 

352  ±  59* 

cmv 

AChE-R  (line  45) 

11  ±  1 

7.4  ±0.3 

190 ±  23d 

cmv 

AChE-R  (line  70) 

121  ±4 

115  ±  4.0 

2700.  ±  250.d 

n  * 

FVB/N  control 

>,  1  .  •  1  •  j1 

4.1  ±  0.4 

_ _  _  r*  i  r\-5  x  /r  • _ < 

0.5  ±  0.3 

r\X  iCT*  A 

7.6  ±  0.6d 

*Data  taken  from  Andres  et  al.  (1997) 

cValues  from  2  male  mice  (personal  communication  from  T.Evron,  Jerusalem). 
dData  taken  from  Stemfeld  et  al.  (Stemfeld  et  al.,  1998). 
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Table  2.  K,  values  (_M)  of  human  AChE  variants  for  peripheral  and  active  site  inhibitors 

The  source  of  AChE-R  was  transgenic  mouse  milk  and  of  AChE-S  and  AChE-E,  the 
commercial  recombinant  and  erythrocyte  enzymes.  The  experiments  were  performed  in 
triplicate.  _ 


inhibitor 

AChE-R 

AChE-S 

AChE-E 

AChE-R/  AChE- 
S 

rivastigmine 

2.8  ±0.2 

24.5  ±  3.3 

16.6  ±0.3 

0.11 

paraoxon 

0.032  ± 

0.002 

0.18  ±0.01 

0.088  ±  0.005 

0.17 

donepezil 

0.0098  ±  0.001 1 

0.018  ±0.002 

0.19  ±0.001 

0.54 

DFP 

0.048  ±  0.004 

0.12  ±0.03 

0.18  ±0.04 

0.40 

tacrine 

0.034  ±  0.002 

0.040  ±  0.003 

0.046  ±  0.007 

0.85 

pyridostigmine 

0.071  ±  0.005 

0.071  ±  0.004 

0.10  ±0.03 

1.00 

propidium 

1.3  ±0.2 

0.32  ±  0.04 

2.9  ±  0.6 

4.1 

Fig.  1.  AChE-R  transgenic  mice  produce  distinct  AChE 
variants  in  muscle  and  milk 

A.  Activity  gel.  Samples  of  cholinesterases  (with  activity  of 
AA405  of  approx.  0.4/min  in  the  Ellman’s  assay)  were 
electrophoresed  on  non-denaturing  polyacrylamide  gels. 
Cholinesterase  activity  was  detected  using  the  Kamovsky 
method.  Shown  are  (from  left  to  right):  human  serum 
BuChE;  AChE-S  from  transgenic  mouse  brain;  AChE-E 
from  erythrocytes;  milk  and  muscle  extracts  from  AChE-R 
transgenic  and  control  mice.  Upper  bands  (upper  arrows) 
denote  slowly  migrating  AChE-E.  Lower  bands  (lower 
arrows)  denote  AChE-R.  The  different  mobilities  are 
probably  due  to  different  post-translational  processing. 

B.  Immunodetection  of  recombinant  human  AChE  in  milk 
and  muscle  of  transgenic  mice.  Right:  Immunoblot;  samples 
of  milk  and  muscle  extracts  (40  |ag  of  total  protein)  from 
AChE-R  transgenic  and  control  FVB/N  mice,  and  purified 
recombinant  AChE-S  (6  I.U.)  were  subjected  to  8%  SDS- 
PAGE  and  blotted  onto  nitrocellulose  filters.  After  blocking, 


the  blot  was  reacted  with  monoclonal  antibodies  raised  against  denatured  AChE-C  (core)  and 


then  with  horseradish  peroxidase-conjugated  goat  anti -mouse  IgG  and  subjected  to 
chemiluminescent  detection.  Two  immunoreactive  bands  (72  and  54  KDa)  appear  both  in 


transgenic  and  non-transgenic  milk.  The  upper  band,  markedly  stained  by  the  Ponceau,  co¬ 
migrates  with  mouse  serum  albumin  which  is  abundant  in  mouse  milk.  However,  a  62  KDa  band, 
the  predicted  size  of  the  AChE-R  protein,  appears  in  the  milk  and  muscle  of  AChE-R  transgenic, 
but  not  control  mice.  In  the  transgenic  muscle,  an  additional  immunopositive  band  of  70  KDa 
was  detected,  not  found  in  non-transgenic  muscle.  This  band  most  likely  reflects  muscle-specific 


production  of  AChE.  Left:  Ponceau  staining  of  the  proteins  on  the  nitrocellulose  filter. 
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sedimentation  - 


Fig.  2.  Sedimentation  profiles  of  variant  AChEs  from  milk  and 
muscle  of  female  transgenic  mice 

Presented  are  one  of  4  replicate  sedimentation  profiles  in  5-20% 
sucrose  gradients  of  AChE  activities  from  milk  and  whole  muscle 
extract  from  mice  expressing  the  AChE-R  trangene  and  of  milk  from 
mice  expressing  AChE-C.  All  sedimentation  profiles  were  aligned 
with  bovine  catalase  as  a  sedimentation  marker  (11.4  S),  whose 
position  is  indicated  in  the  upper  panel.  Note  the  prominent  peak  of 
the  AChE-R  monomer  (Gl),  in  milk  of  transgenics  expressing  either 
AChE-R  or  AChE-C;  the  similar  sedimentation  properties  of  AChE-R 
and  AChE-C  are  compatible  with  the  two  monomers  differing  only  by 
a  short,  hydrophilic  sequence.  An  additional  shoulder  of  AChE-E 
dimers  (G2),  is  detectable  in  muscle  from  AChE-R  transgenics. 


Fig.  3.  AChE  from  transgenic  AChE-R  mouse  milk  displays  high  sensitivity  to  inhibitors 

AChE  from  the  milk  of  AChE-R  transgenic  mice,  human  erythrocytes  (RBC-hAChE-E)  and 
human  recombinant  AChE-S  (hrAChE-S)  were  pre-incubated  for  10  min  with  the  indicated 
concentrations  of  inhibitors  in  Ellman’s  reagent  and  AChE  activity  was  measured.  Data  are 
presented  for  each  AChE  isoform  as  percent  of  uninhibited  activity.  Note  that  milk  AChE-R,  as 
expressed  in  AChE-R  transgenic  mice  (filled  squares),  is  more  sensitive  to  the 
organophosphates  DFP  and  paraoxon  and  to  the  carbamate  inhibitor  rivastigmine  than  are  the 
other  AChE  variants;  AChE-R  displays  the  same  sensitivity  as  AChE-S  and  AChE-E  to  the 
carbamate  pyridostigmine  and  tacrine,  and  is  less  sensitive  than  AChE-S  to  propidium. 
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Fig.  4.  Transgenic-  and  stress-induced  alterations 
in  brain  AChE  sedimentation  profiles  and 
inhibitor  sensitivities 

A.  Shown  are  one  of  four  sedimentation  patterns  of 
catalytically  active  AChE  from  the  somatosensory 
cortices  of  untreated  and  90  min  post-stress  FVB/N 
mice  and  from  untreated  AChE-S  and  -R  transgenic 
mice.  The  total  AChE  activity  of  the  control 
preparation  was  0.97  ±  0.19;  for  the  stressed  group, 
1.12  ±  0.16;  for  the  AChE-S  transgenics,  1.48  ±  0.34; 
and  for  the  AChE-R  transgenics,  1.36  ±  0.18 
mmol/min/mg  wet  tissue  weight.  The  G1  :G4  ratios  for 
these  preparations,  caclulated  from  the  areas  under  the 
peaks  and  above  the  lines  constructed  below  them,  are: 
control,  0.14;  stress,  1.05;  AChE-S,  0.12;  and  AChE- 
R,  0.65.  B.  Shown  are  inhibition  curves  of  pooled 
somatosensory  cortex  homogenates  from  4  mice,  in 
each  case,  of  the  above  model  systems  (control  and 
stressed  FVB/N  mice  and  AChE-R  transgenics). 
Inhibition  was  with  increasing  doses  of  donepezil  and 
rivastigmine.  Note  the  increased  sensitivity  to  the 


latter  in  experimental,  as  compared  to  control,  samples. 
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Key  research  accomplishments 

•  Excess  AChE-R  attenuates  but  AChE-S  intensifies  neurodeterioration  correlates 

•  Transgenic  mice  that  overexpress  ACHE  are  hypersensitive  to  anti-AChE  agents. 

•  ARP,  a  peptide  derived  from  acetylcholinesterase  modulates  blood  cell  composition  under 
stress 

•  Antisense  prevention  of  neuronal  damages  following  head  injury  in  mice. 

•  The  C-terminal  domain  of  AChE-R  interacts  with  RACK1,  a  protein  kinase  C  intracellular 
receptor  of  the  WD  family  of  proteins 

•  Progress  toward  a  tetracycline-inducible  animal  model  for  the  induction  or  antisense 
suppression  of  AChE  activity. 

•  A  transcription- activating  polymorphism  in  the  ACHE  promoter  associated  with  acute 
sensitivity  to  anti-AChEs 

•  The  stress-associated  AChE-R  displays  distinct  inhibitor  sensitivities 

•  Preparation  of  antibodies  directed  at  the  AChE  Readthrough  Peptide  (ARP) 

•  Involvement  in  acquired  and  inherited  diseases  of  polymorphisms  in  the  extended  promoter 
region  of  the  human  ACHE  gene. 
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Reportable  outcomes 
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Anti-AChE-R  antibody,  currently  under  evaluation  for  analysis  of  Alzheimer’s  disease  pathology 
in  laboratory  of  M.  Mesulam,  Northwestern  University  School  of  Medicine,  Chicago,  IL. 
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Conclusions 

Accumulated  findings  implicate  genetic  polymorphism  and  recently  described  regulatory 
processes  that  control  expression  of  the  ACHE  gene  in  unexpected  responses  to  AChE  inhibitors. 
In  particular,  induction  of  a  prolonged  and  exaggerated  ACHE  expression,  associated  with  both 
immediate  and  long-term  changes  in  acetylcholine  metabolism  following  acute  psychological 
stress,  closed-head  injury  (itself,  a  known  AD  risk  factor)  and  exposure  to  AChE  inhibitors.  All 
of  these  insults  elicit  rapid,  transient  excitation  of  cholinergic  neurons  in  the  CNS.  Such 
excitation  activates  a  feedback  response  that  dramatically  up-regulates  AChE  production.  This 
response  causes,  within  one  hour  and  for  at  least  several  days,  a  beneficial  calming  of  brain 
hyperactivity  by  suppression  of  the  increased  acetylcholine  levels.  However,  studies  with  AChE- 
transgenic  mice  suggest  that  excesses  of  the  AChE  protein  in  neurons  can  also  cause  late-onset 
limitation  of  dendrite  branching  and  depletion  of  dendritic  spines  (i.e.  impaired  networks)  in 
cortical  pyramidal  neurons.  This  leads  to  progressively  impaired  performance  in  tests  of  memory 
and  muscle  strength.  At  least  some  of  the  delayed  phenomena  induced  by  AChE  excess  are 
caused  by  the  AChE  protein  per  se,  independently  of  its  hydrolytic  activity. 

The  biomedical  and  environmental  implications  of  human  AChE  research  indicate  that  genomic 
polymorphisms  in  the  coding  sequence  and/or  promoter  of  the  ACHE  gene  (and  possibly 
additional  loci)  may  modulate  individual  responses  to  AChE  inhibitors  in  a  complex  and  yet  not 
fully  predictable  manner,  affecting  both  the  nervous  and  the  hematopoietic  systems.  Recent 
cosmid  sequencing  and  geno typing  efforts  have  revealed  novel  polymorphisms  in  the  ACHE 
upstream  promoter  sequence.  Such  polymorphisms  can  alter  ACHE  expression  and/or  properties, 
affecting  both  short-  and  long-term  manifestations  of  cholinergic  functions  in  a  manner  that  may 
increase  the  risk  for  neurodegenerative  disease  due  to  physical,  chemical  or  psychological 
insults. 
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Abstract 


Background:  Abnormal  levels  of  the  acetylcholinesterase  enzyme  (AChE)  or  aberrations 
involving  the  long  arm  of  chromosome  7,  harboring  the  ACHE  gene  at  7q22,  occur  in  various 
diseases  (e.g.  Alzheimer’s  or  Parkinson's  diseases,  leukemias).  However,  the  cause(s)  for  these 
abnormalities  are  still  unknown. 

Objective:  In  search  for  the  genomic  elements  and  transcriptional  processes  controlling  ACHE 
gene  expression  and  the  plausible  stability  of  its  locus,  we  initiated  a  study  aimed  at  isolating, 
sequencing  and  characterizing  the  human  (h)ACHE  locus  and  its  mRNA  products. 

Methods:  Three  clones  containing  the  ACHE  gene  were  isolated  from  a  human  chromosome  7 
cosmid  library.  Two  of  these  clones  were  thereafter  sequenced  and  searched  for  repetitive 
elements,  open  reading  frames  and  corresponding  expressed  sequence  tags  (ESTs).  RT-PCR  was 
employed  to  further  explore  these  findings. 

Results:  The  locus  harboring  the  G,C-rich  ACHE  gene  was  found  to  be  exceptionally  rich  in  Alu 
repeats.  It  includes  an  additional,  inversely-oriented  gene  (L4i?S),  tentatively  associated  with 
arsenite  resistance.  EST  clones  corresponding  to  both  genes  were  found  in  cDNA  libraries  from 
1 1  different  human  tissue  sources,  with  ARS  expressed  in  10  additional  tissues.  Co-regulation  of 
brain  ACHE  and  ARS  was  suggested  from  their  mutually  increased  expression  following  acute 
psychological  stress. 

Conclusions:  The  abundance  of  Alu  retrotransnposones  may  predispose  the  ACHE  locus  to 
chromosomal  rearrangements.  Additionally,  coordinated  transcriptional  regulation  is  implied 
from  the  joint  ARS-AChE  expression  in  stress  insult  responses.  Disease-related  changes  in  AChE 
may  therefore  reflect  locus-specific  regulation  mechanisms  affecting  multiple  tissues. 


Keywords:  acetylcholinesterase;  arsenite-reseistance;  inherited  diseases;  transcriptional 
actication;  gene-locus. 
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Introduction 


The  acetylcholine  hydrolysing  enzyme  acetylcholinesterase  (acetylcholine  acetylhydrolase, 
AChE,  EC  3. 1.1. 7)  terminates  cholinergic  neurotransmission  and  thus  controls  central  and 
peripheral  nervous  systems  functions.  AChE  abnormalities  were  reported  in  various  pathologies, 
including  nervous  system  diseases  (e.g.  Alzheimer’s  or  Parkinson  diseases  and  myasthenia 
gravis)  or  cases  of  intoxication  with  chemical  warfare  agents  [1].  AChE  abnormalities  also  occur 
in  diseases  involving  non-cholinergic  tissues  and  cell  types  (e.g.  in  nocturnal  hemoglobinuria 
[2]).  These  diseases  may  reflect  non-catalytic  activities  of  the  enzyme,  which  shares  sequence 
homologies  and  functional  properties  with  a  series  of  non-enzyme  cell-cell  interaction  proteins 
(reviewed  in  [3]).  In  addition  to  changes  in  AChE  expression,  chromosomal  aberrations  involving 
band  7q22,  harboring  the  human  (h )ACHE  locus,  are  associated  with  various  types  of  leukemias 

[4]. 

AChE  inhibitors  (anti-AChEs;  e.g.  commonly  used  agricultural  insecticides  [5]),  increase  the  risk 
for  non-Hodkin’s  lymphomas  [6].  Chemicals  with  anti- AChE  capabilities  also  include  chemical 
warfare  agents,  prophylactic  drugs  aimed  to  protect  from  exposure  to  such  agents  [7]  and  a  wide 
range  of  anti-AChE  drugs  used  for  treating  Alzheimer’s  disease  and  myasthenia  gravis  patients 
([8]  and  [9],  respectively).  However,  both  exposure  to  anti-AChEs  and  acute  psychological  stress 
induce  AChE  overproduction  [10,11].  Moreover,  transgenic  mouse  models  with  AChE 
overproduction  presented  early  cognitive  deterioration  [12],  progressive  neuromuscular 
deformities  [13]  and  typical  characteristics  of  stress  insults  in  their  brain  (Stemfeld  et  al., 
submitted).  This  suggests  long-lasting  delayed  consequences  for  AChE  accumulation.  To 
evaluate  the  scope  of  such  consequences,  we  combined  molecular  genetic  approaches  with 
searches  of  genomic  databases  to  explore  the  hACHE  locus. 


Materials  and  Methods 

Reverse  transcription  PCR  (RT-PCR).  Primers  used  for  PCR  amplification  were  5’- 
CAGGTCCCGATATTCCACAAT-3 ’  and  5’  GGGCTGACCATAGGGCATCA-3 ’  for  mARS, 
5  ’-TGAAACAACATACAATTCCATCATGAAGTGTGAC-3  ’  and  5  ’- 

AGGAGCGATAATCTTGATCTTCATGGTGCT-3’  for  actin  and  primers  complementary  to 
exon  2  of  mAChE  which  is  common  to  all  AChE  isoforms  [10].  Samples  of  PCR  products  were 
withdrawn  every  third  cycle  starting  at  cycle  18  for  AChE  and  actin  and  every  second  cycle 
starting  at  cycle  26  for  ARS. 

Sequence  analyses.  Searches  for  open  reading  frames  (ORFs)  in  the  hACHE  locus,  G,C  content 
as  well  as  repetitive  sequences  in  the  ACHE  upstream  sequence  and  expression  sequence  tags 
(ESTs)  derived  from  this  locus  were  performed  using  the  programs  Grail 
(http://avalon.epm.oml.gov/Grail-bin/EmptyGrailForm),  Window  (the  University  of  Wisconsin 
GCG  software  package),  Repeat  Masker  2  (http://ftp.genome.washington.edu)  and  Blast 
(http://www.ncbi.nlm.nih.gov/BLAST/),  respectively. 
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Results 


To  extend  the  genomic  analysis  at  the  ACHE  locus,  the  cloned  human  A  CHE  gene  has  been  used 
as  a  probe  for  screening  a  cosmid  library  [14].  Three  cosmid  clones  were  isolated,  two  of  which 
included  a  PCR-amplifyable  sequence  located  immediately  upstream  to  the  ACHE  transcription 
start  site  (Fig.  1).  One  of  the  two  cosmid  clones  containing  the  ACHE  upstream  region  was  fully 
sequenced  and  the  third  clone,  not  containing  this  region,  was  used  to  extend  the  sequenced 
portion  downstream  to  ACHE .  This  yielded  a  38  Kb  sequence.  A  search  for  ORFs  demonstrated 
two  inversely-oriented  active  genes  in  this  locus,  ACHE  and  ARS,  the  latter  showing  high 
similarity  to  a  rodent  gene  which  is  overexpressed  in  cells  exposed  to  arsenite  [15]. 

Searching  the  ACHE  locus  for  repetitive  elements  unraveled  an  extremely  high  prevalence  of  Alu 
repeats,  non-viral  retrotransposons  which  are  part  of  the  family  of  short  interspersed  elements 
(SINEs;  Fig.  2).  Thirty  nine  of  these  repeats  were  identified  along  23  Kb  of  ACHE  upstream 
sequence.  In  addition,  this  region  was  found  to  be  markedly  lower  in  its  G,C  content  than  the 
ACHE  gene  itself. 

To  find  out  which  tissues  express  hAChE  and  hARS,  the  expression  sequence  tags  (EST) 
database  was  searched.  ESTs  originating  from  AChE  and  hARS  mRNA  transcripts  were  found  in 
many  different  tissues,  including  both  adult  (brain,  intestine,  skeletal  muscle,  colon  and  kidney) 
and  fetal  tissues  (liver  and  spleen,  lung  and  heart)  (Fig.  3).  hARS  mRNA  was  considerably  more 
abundant;  different  alternatively  spliced  hARS  mRNA  sequences  were  found  in  all  of  the  above 
tissues  as  well  as  in  B  cells,  breast  tissue,  placenta,  pituitary  gland,  fetal  lung,  cervix,  thymus,  T 
cells  and  fibroblasts. 

The  partial  overlap  in  tissue  distribution  of  mRNA  transcripts  of  hARS  and  hAChE,  together  with 
their  close  genomic  proximity  in  both  primates  and  rodents  (data  not  shown),  raised  the 
possibility  of  coordinated  transcriptional  regulation  of  this  entire  chromosomal  domain.  To  test 
whether  this  is  the  case,  we  compared  the  levels  of  AChE  and  ARS  in  the  brain  of  control  mice  to 
those  in  mice  subjected  to  the  forced-swim  protocol  causing  psychological  stress  [10].  Stressed 
mice  displayed,  as  expected,  increased  AChE  mRNA  levels  in  their  brain  [1 1].  In  addition,  these 
mice  displayed  massive  co-induction  in  the  brain  of  the  ARS  gene  2  hrs  post-stress,  while 
maintaining  unchanged  actin  mRNA  levels  (Fig.  4).  This  supports  the  notion  of  a  stress- 
associated  regulation  of  gene  expression  in  the  ACHE  locus. 
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Discussion 


Our  findings  demonstrate  ubiquitous  expression  of  the  adjacent  h ACHE  and  hARS  genes  in  many 
different  fetal,  adult  and  tumor  tissues.  This,  and  the  co-induction  of  mouse  (m)AChE  and  mARS 
expression  under  acute  psychological  stress  provide  a  tentative  genomic  explanation  for  the 
reports  of  modulated  AChE  expression  in  different  diseases. 

Reported  transfection  studies  mostly  referred  to  the  proximal  sequence,  including  up  to  300  base 
pairs  (bp)  of  the  ACHE  promoter,  as  essential  for  its  normal  expression  [16].  In  transgenic  mice, 
the  proximal  600  bp  of  the  h ACHE  promoter  failed  to  induce  detectable  expression  in  extra-CNS 
tissues  [12].  Either  the  transgene  insertion  site  in  the  host  mouse  genome  or  species-specific 
differences  in  ACHE  regulation  could  be  responsible  for  that.  We  have  recently  found  that 
transcription  factor  binding  sites  located  17  Kbp  upstream  of  the  ACHE  transcription  start  site 
regulate  osteogenic  ACHE  gene  expression  [17],  We  conclude  that  similarly  to  the  albumin  gene 
[18]  (and  several  others),  exceptionally  distal  enhancer  elements  are  required  for  ACHE’s  proper 
expression. 

The  rodent  ARS  gene  (ARS2;  [15])  is  overexpressed  under  arsenite  exposure  and  was  therefore 
tentatively  identified  as  an  arsenite-responsive  protein.  Its  human  homologue  is  located 
downstream  to  ACHE ,  inversely  oriented  close  to  it  and  co-regulated  with  it.  The  sequence  of  the 
ARS  translation  product  does  not  resemble  any  known  protein,  including  the  cloned  bacterial 
arsenite  resistance  protein.  As  the  two  genes  must  have  individual  promoters,  each  on  a  different 
DNA  strand,  their  co-expression  may  reflect  joint  opening  of  the  ACHE  and  ARS  DNA  domains 
for  transcriptional  induction.  This,  in  turn,  predicts  hARS  accumulation  under  all  of  those 
conditions  that  induce  AChE  overproduction,  including  acute  psychological  stress,  and  exposure 
to  AChE  inhibitors  [11].  One  of  these  inhibitors  is  arsenite  [19],  which  would  induce  feedback 
accumulation  of  its  AChE  scavenger,  just  as  it  occurs  in  response  to  pyridostigmine  [10,1 1].  This 
suggests  that  ARS  accumulates  under  arsenite  exposure  only  because  of  co-localization  and  co¬ 
regulation  with  ACHE  but  is  not  causally  involved  in  arsenite  resistance.  The  ACHE  locus  thus 
emerges  as  a  jointly  controlled  domain,  perhaps  similar  to  the  p-globin  locus  [20]. 

AChE  accumulation  under  various  stress  insults  may  contribute,  through  its  non-catalytic 
properties,  towards  the  variable  symptoms  of  Gulf  War  veterans  [21],  of  patients  exposed  to 
agricultural  insecticides  [5]  and  of  anti- AChE  treated  Alzheimer’s  disease  patients  [22].  Its 
ubiquitous  expression  may  further  predict  involvement  in  many  more  tissues  than  the  nervous 
system.  Moreover,  the  remarkable  abundance  of  SINE  elements,  in  particular  Alu  repeats,  in  the 
ACHE  locus  implies  exceptional  susceptibility  for  tranposition  events,  which  are  assisted  by  the 
existence  of  chromosomal  breakages  [23].  Additionally,  Alu  repeats  may  also  facilitate  unequal 
crossing-over  [24],  altogether  contributing  to  instability  of  this  region.  Chromosomal 
rearrangements  could  result  in  the  loss  of  upstream  transcription  factor  binding  sites,  and  thus 
affect  ACHE  gene  expression  and  its  capacity  to  accumulate  under  stress  or  exposure  to  anti- 
AChEs.  This  explains  the  reported  chromosomal  aberrations  involving  7q22  in  leukemic  patients 
[25].  The  increased  risk  for  non-Hodgkin’s  lymphoma  of  farmers  exposed  to  anti-cholinesterases 
[6]  may  hence  be  relevant  both  to  inhibitor-induced  accumulation  of  the  AChE  protein  and  to 
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abnormal  replication  of  this  locus  in  lymphocytes.  Genomic  and  transcriptional  analysis  thus 
points  at  the  ACHE  locus  as  an  intersection  involved  in  many  pathways,  several  of  which  may 
lead  to  disease. 
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Legends 


Figure  1.  Identification  of  7q22  cosmids  containing  the  ACHE  gene.  Shown  on  top  is  a 
schematic  description  of  the  PCR  identification  of  cosmids  containing  the  ACHE  gene  from  a 
7q22  cosmid  library  and  the  structure  of  the  ACHE  gene,  with  exons  represented  by  filled  boxes 
numbered  above  and  introns  represented  by  open  boxes  numbered  below.  Black  box  represents 
600  bp  of  the  proximal  promoter  with  a  right-bent  arrow  designating  the  transcription  start  site. 
Below,  the  position  of  the  analyzed  cosmid  on  chromosome  7  is  drawn  and  a  gel  image  shows  a 
294  bp-long  PCR  product  (marked  with  a  red  arrow)  amplified  using  primers  depicted  at  the  top 
scheme  with  thick  arrows.  This  fragment  could  be  amplified  from  cosmid  A  (Genebank  accession 
no.  Af002993)  but  not  from  cosmid  C  (accession  no  af237614),  both  located  at  7q22.  Plus  sign 
designates  a  PCR  reaction  with  the  plasmid  containing  ACHE' s  proximal  promoter,  serving  as 
template. 

Figure  2.  Analysis  of  the  ACHE  extended  Promoter.  Presented  is  an  analysis  of  the  ACHE 
extended  promoter  (22.5Kb)  in  terms  of  G,C  content  (drawn  line),  repeatless  regions  (red  boxes) 
and  variable  repeat  elements  (simple  sequence  DNA,  low  complexity  sequence,  SINEs,  retroviral 
long  terminal  repeats  (LTRs)  and  the  SRP  SINE  subtype).  Note  the  abundant  SINE  sequences, 
most  of  which  are  Alu  repeats.  Cumulative  G,C  content  (percent)  for  each  of  these  subgroups  is 
shown  (right). 

Figure  3.  Expession  from  the  7q22  locus  as  reflected  in  the  EST  database.  Shown  is  the 
graphical  output  of  the  Blast  program  (http://www.ncbi.nlm.nih.gov/BLAST/)  run  against  the 
expression  sequence  tags  (EST)  database  using  the  afD02993  cosmid  as  a  query  sequence  and 
restricting  the  search  to  human  sequences.  The  identified  ESTs  are  aligned  against  the 
corresponding  regions  of  the  query  sequence,  which  is  shown  in  red  and  scaled  in  bp.  ESTs  are 
colored  according  to  their  alignment  score  as  depicted  in  the  color  key  bar  (black-hatched 
portions  represent  incontinuities  in  the  alignments  and  therefore  indicate  introns).  Designated  are 
the  ARS  and  ACHE  gene  regions  and  the  tissue  origins  of  the  different  ESTs,  with  uppercase 
letters  showing  highly-represented  tissues.  Asterisks  designate  tissues  expressing  both  ARS  and 
AChE. 

Figure  4.  Psychological  stress  increases  both  AChE  and  ARS  mRNA  levels  in  the  mouse 

medulla.  Shown  is  one  out  of  3  reproducible  experiments  presenting  a  semi-quantitative  kinetic 
follow-up  of  RT-PCR  evaluation.  Arrow-labeled  are  AChE,  ARS  and  actin  cDNA  products  in 
extracts  prepared  from  the  brain  stem  (medulla)  region  of  either  a  control  mouse  (C)  or  two 
different  mice  subjected  to  psychological  stress  (S)  [11].  Densitometry  of  the  fluorescent  signals 
presented  8-fold  stress-related  increases  for  the  AChE  transcripts.  Four-fold  increases  were 
detected  for  ARS  products  in  brains  of  stressed  as  compared  to  control  mice.  Actin  products 
showed  no  difference  associated  with  stress,  demonstrating  specificity  of  the  AChE  and  ARS 
increases,  m,  size  marker. 
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Figure  3 
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Abstract 

The  acetylcholine  hydrolyzing  enzyme  acetylcholinesterase  (AChE)  is  a  key  element  in  cholinergic 
neurotransmission,  which  is  known  to  be  upregulated  under  acute  psychological  stress.  We  have 
recently  reported  massive  transcriptional  activation  of  ACHE  gene  expression  following  forced  swim 
stress;  however,  the  genomic  origin(s)  of  this  induction  and  the  extent  of  individual  variabilities  in  its 
intensity  remained  obscure.  To  explore  for  possible  causes  for  these  phenomena,  we  subjected  the 
mammalian  ACHE  locus,  harboring  this  gene  to  database  searches  and  transcriptional  analyses.  Here, 
we  report  the  properties  of  an  extended  promoter  domain  upstream  to  the  ACHE  gene.  The  22  Kb 
long  ACHE  upstream  region  was  found  to  be  rich  in  consensus  motifs  for  binding  diverse 
transcription  factors,  including  the  stress-associated  glucocorticoid  receptor,  stat-5  and  the 
interleukin  6  receptor.  The  mouse  database  of  expressed  sequence  tags  (EST)  includes  ACHE  mRNA 
transcripts  from  several  tissues;  ESTs  from  a  yet  broader  range  of  tissue  sources  were  found  that  are 
derived  from  an  adjacent,  inversely-oriented  gene,  ARS.  Moreover,  high  resolution  In  situ 
hybridization  demonstrated  that  ARS  mRNA  is  expressed  in  a  higher  level  in  hippocampal  neurons 
of  human  (h)AChE-overexpressing  transgenic  mice  as  compared  with  FVB/N  controls.  These 
findings  demonstrate  genomic  stress  response  elements  in  the  extended  ACHE  promoter  and  suggest 
complex  multigenic  and  strain-specific  control  for  this  locus. 

Introduction 

In  addition  to  its  known  role  in  terminating  cholinergic  neurotransmission,  the  acetylcholine  (ACh) 
hydrolyzing  enzyme  acetylcholinesterase  (AChE)  appears  to  be  subject  to  robust  transcriptional 
activation  under  acute  psychological  stress  or  exposure  to  AChE  inhibitors  (anti-AChEs;  (Kaufer  et 
al.,  1998).  Trancriptional  activation  from  the  ACHE  gene  was  particularly  conspicuous  in  the 
hippocampus,  predicting  relevance  for  cognitive  functions.  This  is  of  utmost  importance  in  view  of 
the  accumulated  experience  in  the  use  of  anti-AChEs  as  drugs  for  treating  Alzheimer’s  disease 
patients  (Giacobini,  1998).  AChE  overproduction  following  stress  insults  can  be  beneficial  as  it 
ensures  hydrolysis  of  the  excess  ACh  that  is  secreted  under  stress  (Kaufer  et  ah,  1999).  However, 
robust  AChE  accumulation  under  inhibitor  treatment  may  prevent  the  intended  increase  in  ACh 
level,  thus  limiting  the  therapeutic  efficacy  of  anti-AChEs.  Therefore,  individual  diversities  in  the 
capacity  to  induce  ACHE  gene  expression  may  be  associated  both  with  the  effective  drug  dose 
required  to  improve  cognition  and  with  variable  abilities  to  adjust  to  stress  insults. 


.  Behavioral  stress  modifies  hippocampal  plasticity  through  N-methyl-D-Aspertate  receptor  activation 
(Kim  et  al.,  1996),  facilitates  classical  conditioning  processes  (Shors  et  al.,  1992)  and  induces  long¬ 
term  depression  in  the  hippocampus  (Xu  et  al.,  1997).  The  key  regulator  of  all  these  processes  is  the 
glucocorticoid  receptor,  which  activates  protein  and  RNA  synthesis-dependant  mechanisms 
underlying  modulations  in  synaptic  plasticity  (Xu  et  al.,  1998).  Therefore,  genes  that  are  subject  to 
stress-induced  regulation  are  likely  to  include  in  their  promoters  consensus  motifs  for  binding 
glucocorticoid  hormones. 

To  search  for  plausible  molecular  mechanisms  regulating  AChE  expression  under  stress,  we 
subjected  the  extended  human  (h )ACHE  promoter  to  database  searches  aimed  to  define  its  tentative 
length  and  the  composition  of  binding  motifs  included  in  it.  In  addition,  we  tested  the  expression 
levels  of  ARS,  a  second  gene  in  this  locus,  in  hAChE  overespressing  transgenic  mice  as  well  as  in  2 
FVB/N  and  C57bl/6J  mice,  2  strains  known  to  differ  in  the  number  of  cholinergic  neurons  and  in 
their  cognitive  performance.  Our  findings  demonstrate  potential  glucocorticoid  hormone  regulation 
and  individual  diversities  in  the  efficacy  for  mammalian  gene  expression  from  the  ACHE  locus. 

Materials  and  Methods 

Sequence  analyses.  The  cosmid  clone  harboring  the  human  ACHE  gene  was  searched  for  open 
reading  frames  (ORFs),  expression  sequence  tags  (ESTs)  and  consensus  motif  elments  for  binding 
diverse  transcription  factors  using  the  following  software  programs:  Grail 
( http ://avalon.epm.ornl.gov/ Grail-bin/EmptvGrailF ornil  ,  Blast 

thttp://www. ncbi.nlm.nih.gov/BLASTA.  FindPattems  (The  University  of  Wisconsin  GCG  software 
package)  and  Matlnspector  thttp://www.gsf.de/cgi-bin/matsearch.pl:  with  core  similrity  of  1  and 
matrix  similarity  of  0.85). 

In  situ  hybridization  (ISH)  was  performed  as  described  elsewhere  (Griftnan  et  al.,  1998).  Briefly,  7 
pm  thick  paraffin-embedded  tissue  sections  were  subjected  to  hybridization  with  a  50-mer 
biotinylated,  2’-o-methylated,  RNA  probe  specific  for  ARS  transcripts  (complementary  for  the 
hARS  gene;  position  4562  in  af002993).  After  incubation  of  sections  with  streptavidin-alkaline 
phosphatase  (AP)  conjugate  (Amersham  Life  Sciences  Products,  Little  Chalfont,  Buckinghamshire, 
England)  transcripts  were  detected  using  the  ELF  fluorogenic  AP  substrate  (Molecular  Probes, 
Leiden,  The  Netherlands)  and  a  fluorescent  Zeiss  Axioplan  microscope. 

Reverse  transcription  PCR  (RT-PCR).  Primers  used  for  PCR  amplification  were  5’- 
CAGGTCCCGATATTCCACAAT-3’  and  5’  GGGCTGACCATAGGGCATCA-3  ’  for  mouse 
(m)ARS,  5’-TGAAACAACATACAATTCCATCATGAAGTGTGAC-3’  and  5’- 
AGGAGCGATAATCTTGATCTTCATGGTGCT-3’  for  actin  and  primers  complementary  to  exon  2 
of  mAChE  which  is  common  to  all  AChE  isoforms  (Friedman  et  al.,  1996).  Samples  of  PCR 
products  were  withdrawn  every  third  cycle  starting  at  cycle  18  for  AChE  and  actin  and  every  second 
cycle  starting  at  cycle  26  for  ARS. 

Results 

The  human  ACHE  gene  maps  to  the  long  arm  of  chromosome  7,  on  7q22  (Ehrlich  et  al.,  1992; 
Getman  et  al.,  1992).  We  obtained  the  hACHE  locus  sequence  by  shotgun-sequencing  clones  fished 
out  of  a  chromosome  7  cosmid  library  (Melmer  et  al.,  1990).  Figure  1  depicts  the  primary 
characteristics  seen  in  the  sequence  of  one  of  these  cosmid  clones.  Analysis  of  20  Kb  of  the  ACHE 
upstream  sequence  was  performed  using  the  Matlnspector  and  FindPattems  programs.  These 
searches  identified  a  large  array  of  consensus  motifs  for  binding  diverse  transcription  factors.  These 
included  motifs  known  to  be  involved  in  neuronal  or  cellular  stress  responses,  e.g.  glucocorticoid 
response  element  (GRE;  (Tranche  et  al.,  1998)),  with  a  half  palindromic  site,  TGTTCT;  interleukin  6 
receptor  (IL-6  (Hirano,  1998),  CTGGG/AAA);  EGR1,  involved  in  the  muscarinic  regulation  of 
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ACHE  gene  expression  (Nitsch  et  al.,  1998)  or  stat-5  (Lechner  et  al.,  1997)  (TTCCCAGAA  or 
TT(C/A)(C/T)N(A/G)(G/T)AA).  Of  these,  stat-5  and  the  glucocorticoid  receptor  are  known  to  act 
synergistically  in  enhancement  of  the  (3-cascin  gene  expression  (Lechner  et  al.,  1997).  Other  binding 
motifs,  were  for  osteogenic  factors  such  as  the  vitamin  D  receptor,  with  various  binding  elemetns 
(VDREs;  (Haussler  et  al.,  1995))  arranged  in  pairs  or,  in  one  case,  in  a  triplet,  as  found  in  the  vitamin 
D-regulated  promoter  of  the  c-fos  gene  (Candeliere  et  al.,  1996).  In  some  clusters,  CAAT  boxes  were 
found  to  be  located  close  to  VDREs  where  factors  of  the  CTF/NF-1  family  were  shown  to  act 
synergistically  with  the  vitamin  D  receptor  (Liu  and  Freedman,  1994).  Other  osteogenic  factors 
include  the  vitamin  D-regulated  repressor  HES-1  (with  CACNAG  as  the  binding  element;  (Matsue  et 
al.,  1997)),  Krox-20/24  (GCGGGGGCGGG;  (Lemaire  et  al.,  1990)),  core-binding  factor  Al  (Cbfal; 
AACCAC  (Komori  et  al.,  1997))  and  the  estrogen  receptor,  which  usually  binds  as  a  dimer  to  a 
palindromic  element  but  was  also  shown  to  activate  transcription  from  such  half  palindromic 
elements  (GGTCA;  (Tora  et  al.,  1988)).  Figure  2  presents  these  transcription  factor  motifs  in  a 
schematic  manner.  Involvement  of  some  of  these  factors  in  AChE  expression  was  demonstrated  in 
tissue  culture  experiments  (Grisaru  et  al.,  1999).  These  findings  suggested  that  the  human  ACHE 
promoter  extends  far  beyond  the  previously  estimated  ~1  Kb  (Ben  Aziz  Aloya  et  al.,  1993;  Getman 
et  al.,  1995)  and  called  for  exploring  the  expression  regulation  from  the  entire  locus. 

To  find  out  which  mouse  (m)  tissues  express  AChE  and  ARS,  we  searched  the  expression  sequence 
tags  (EST)  database.  Mouse  ESTs  originating  from  AChE  and  ARS  mRNA  transcripts  were  found  in 
many  different  tissues.  These  included  both  adult  tissues  (brain  and  placenta)  as  well  as  fetal  ones 
(liver  and  spleen,  lung  and  heart)  (Fig.  3).  mARS  mRNA  was  abundant  in  a  considerably  larger 
number  of  tissues,  including  brain. 

To  explore  the  expression  patterns  of  mARS  in  the  mouse  brain,  we  performed  in  situ  hybridization 
on  brain  sections  from  both  normal  FVB/N  mice  and  from  transgenic  mice  expressing  the  human 
AChE  under  control  of  its  600  bp  proximal  promoter  (Ben  Aziz  Aloya  et  al.,  1993).  The  latter  suffer 
from  early  cognitive  deterioration  (Beeri  et  al.,  1995)  and  from  typical  neuropathological 
characteristics  of  stress  in  their  brain  (Stemfeld  et  al.,  submitted).  mARS,  like  the  mammalian  ACHE 
was  found  to  be  expressed  in  hippocampal  neurons  (Fig.  4A).  Moreover,  AChE  transgenic  mice 
displayed  considerable  overexpression  of  neuronal  mARS  RNA  as  compared  with  control,  non- 
transgenic  FVB/N  mice  (Fig.  4B).  The  mammalian  ACHE  and  ARS  genes  thus  share  both 
chromosomal  localization  and  neuronal  expression  capacities. 

This  overlap  in  cell  type  expression  of  mARS  and  mAChE  raised  the  possibility  of  coordinated 
transcriptional  regulation  of  the  entire  chromosomal  domain.  This  was  supported  by  their  close 
genomic  proximity  in  both  primates  and  rodents  (data  not  shown).  To  explore  this  possibility,  we 
compared  brain  mAChE  and  mARS  mRNA  levels  between  untreated  C57bl/6J  mice  reported  to  have 
lower  levels  than  normal  of  cortical  cholinergic  neurons  (Bentivoglio  et  al.,  1994;  Schwab  et  al., 
1990),  to  those  of  FVB/N  mice  possessing  normal  cholinergic  activities.  Kinetic  followup  of  RT- 
PCR  analyses  demonstrated  higher  brain  levels  of  both  mAChE  and  mARS  mRNA  in  the  FVB/N 
mice  (data  not  shown),  supporting  the  notion  of  strain-specific  coordinated  regulation  of  gene 
expression  in  the  ACHE  locus. 


Discussion 

We  have  subjected  the  human  ACHE  locus  to  genomic  and  transcriptional  characterization  aimed  at 
explaining  the  reported  diversity  in  the  levels  of  the  AChE  protein  between  individuals  and  defining 
the  molecular  origin(s)  for  its  involvement  in  stress  responses.  Our  findings  demonstrate  ubiquitous 
expression  of  the  mACHE  gene  and  even  more  so  of  the  adjacent  mARS  gene.  Detection  of  clusters 
of  consensus  motifs  for  binding  various  transcription  factors  further  explains  the  large  number  of 
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tissues  expressing  the  ACHE  gene.  The  apparent  relevance  of  several  of  these  factors  for  stress 
responses  as  well  as  the  co-regulation  of  mAChE  and  mARS  expression  in  the  mouse  brain  points  at 
this  entire  locus  as  a  stress-responding  one.  Of  special  interest  was  the  finding  of  a  glucocorticoid 
response  element  17  Kb  upstream  from  the  ACHE  transcription  start  site,  in  a  region  where  a 
deletion  of  4  bp  was  found  to  be  functionally  involved  in  the  regulation  of  AChE  expression  (Shapira 
et  al.,  submitted). 

The  progressive  cognitive  failure  of  transgenic  mice  overexpressing  the  hACHE  gene  (Beeri  et  al., 
1995;  Beeri  et  al.,  1997)  predicts  a  causal  relationship  between  AChE  overproduction  and 
neurodeterioration.  The  stress-induced  transcriptional  activation  of  the  ACHE  locus  (Kaufer  et  al., 
1998;  Kaufer  et  al.,  1999;  Shapira  et  al.,  submitted)  suggests  that  psychological  stress  insults  may 
therefore  increase  the  risk  for  neurodeterioration  due  to  AChE  overproduction.  While  susceptibility 
for  adverse  responses  to  mental  stress  is  most  likely  a  complex  trait,  which  involves  many  different 
genes,  our  findings  point  at  the  ACHE  locus  as  an  active  participant  in  such  processes.  Participation 
of  the  ARS  gene  in  these  transcriptional  processes  seems  very  plausible,  based  on  its  apparent  co¬ 
regulation  with  ACHE.  However,  the  function  of  this  gene  product  and  its  possible  contribution  to 
stress-associated  processes  is  still  unknown  and  remains  to  be  explored.  Variable  capabilities  to 
respond  to  stress  insults  by  AChE  overproduction  would  modify  the  efficacy  of  anti-AChE 
treatments  or  the  severity  of  post-exposure  symptoms  in  a  manner  related  to  the  glucocorticoid 
hormone  levels  in  the  examined  individuals.  The  ACHE  locus  thus  emerges  as  a  complex  region 
subject  to  both  genetic  and  epigenetic  control  processes  that  are  relevant  to  cognition  as  well  as  to 
drug  and  poison  responses. 
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Figure  1.  Schematic  representation  of  the 
fully  sequenced  7q22  cosmid.  Shown  is  the 
output  of  the  Grail  program  for  the  af002993 
cosmid  sequence.  The  lower  strand  encodes 
AChE  and  contains  a  20  Kb  upstream  sequence. 
In  the  upper  strand,  the  hRAS  ORF  has  a  strong 
homology  with  a  Chinese  hamster  arsenite 
resistance  gene  (Genebank  accession  no. 
U41500).  Other  features  are  part  of  the  Grail 
program  output  and  include  white  columns 
representing  predicted  exons  with  different 
quality  of  prediction,  different  repetitive 
sequences,  etc.  AChE  Transcription  start  site  is 
nt.  22465  in  af002993  reverse  sequence. 
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Figure  2.  The 
AChE  gene 
includes  several 
clusters  of  stress- 
associated  motifs. 
Depicted  is  the 
reverse  sequence  of 
the  cosmid  af002993 
insert  containing  the 
human  ACHE  gene 
and  its  upstream 
Kb  upstream  of  hAChE  sequence;  nucleotide 

postions  are  designated  accordingly.  Arrow  represents  the  transcription  start  site.  Introns  are 
designated  with  tagged  numbers  and  exons  are  represented  by  filled  boxes;  alternatively  spliced 
exons  are  filled  with  bright  colors.  Shown  are  regions  with  a  relatively  high  incidence  of  consensus 
motifs  for  various  proteins  regulating  stress-associated  gene  expression.  Approximate  positions  are 
marked  by  wedges.  Positions  of  various  Vitamin  D  Receptor  binding  elements  (VDREs)  are  marked 
by  light  grey  circles:  AGGACA;  dark  grey  circles:  AGGTCA;  open  rectangles:  ATGCCA;  hatched 
rectangels:  GGTTCA;  filled  circles:  GGGTGA;  and  dark  grey  rectangles:  AGGTGA. 
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Figure  3.  Mouse 
expression  from 
the  ACHE  locus 
as  reflected  in  the 
EST  database. 
Shown  is  the 
graphical  output  of 
the  Blast  program 
run  against  the 
expressed 
sequence  tags 
database  using  the 
af002993  cosmid 
as  a  query 
sequence  and 
restricting  the 
search  to  mouse 
clones.  The 
identified  ESTs  are 
aligned  against  the 
corresponding 
regions  of  the 
query  sequence, 
which  is  shown  in 
red  and  scaled  in 


bp,  with  ESTs  colored  according  to  their  alignment  score  as  depicted  in  the  color  key  bar  (black- 
hatched  portions  represent  incontinuities  in  the  alignments  and  therefore  indicate  introns). 
Designated  are  the  ARS  and  ACHE  gene  regions  and  the  tissue  origins  of  the  different  ESTs. 
Asterisks  designate  tissues  expressing  both  genes. 


C  SI  S2 


Figure  4.  mARS  expression  is  increased  in  the 
hippocampus  of  hAChE-overexpressing 
transgenic  mice.  Representative  micrographs  of 
ISH  experiments  performed  on  FVB/N  mouse 
sagital  brain  sections  obtained  from  control  (A)  and 
hAChE  transgenic  (B)  mice  (n=2  for  each  group). 
Shown  are  the  CA1,  CA2  and  the  dentate  gyrus 
(DG)  hippocampal  structures,  known  to  express 
AChE  (Kaufer  et  al.,  1998).  Note  the  increase  in 
ARS  mRNA,  (yellowish  fluorescent  signal)  in  both 
regions  of  transgenic  mice. 
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Hypersensitivity  to  acetylcholinesterase  inhibitors  (anti-AChEs)  causes  severe  nervous  system  symptoms 
under  low  dose  exposure.  In  search  of  direct  genetic  origin(s)  for  this  sensitivity,  we  studied  six  regions  in  the 
extended  22  kb  promoter  of  the  ACHE  gene  in  individuals  who  presented  adverse  responses  to  anti-AChEs 
and  in  randomly  chosen  controls.  Two  contiguous  mutations,  a  T^A  substitution,  disrupting  a  putative  glu¬ 
cocorticoid  response  element,  and  a  4-bp  deletion,  abolishing  one  of  two  adjacent  HNF3  binding  sites,  were 
identified  17  kb  upstream  of  the  transcription  start  site.  Allele  frequencies  for  these  mutations  were  0.006  and 
0.012,  respectively,  in  333  individuals  of  various  ethnic  origins,  with  a  strong  linkage  between  the  deletion  and 
the  biochemically  neutral  H322N  mutation  in  the  coding  region  of  ACHE .  Heterozygous  carriers  of  the  deletion 
included  a  proband  who  presented  with  acute  hypersensitivity  to  the  anti-AChE  pyridostigmine  and  another 
with  unexplained  excessive  vomiting  during  a  fourth  pregnancy  following  three  spontaneous  abortions.  Elec¬ 
tromobility  shift  assays,  transfection  studies  and  measurements  of  AChE  levels  in  immortalized  lymphocytes 
as  well  as  in  peripheral  blood  from  both  carriers  and  non-carriers,  revealed  functional  relevance  for  this  muta¬ 
tion  both  in  vitro  and  in  vivo  and  showed  it  to  increase  AChE  expression,  probably  by  alleviating  competition 
between  the  two  hepatocyte  nuclear  factor  3  binding  sites.  Moreover,  AChE-overexpressing  transgenic  mice, 
unlike  normal  FVB/N  mice,  displayed  anti-AChE  hypersensitivity  and  failed  to  transcriptionally  induce  AChE 
production  following  exposure  to  anti-AChEs.  Our  findings  point  to  promoter  polymorphism(s)  in  the  ACHE 
gene  as  the  dominant  susceptibility  factor(s)  for  adverse  responses  to  exposure  or  to  treatment  with  anti- 
AChEs. 


INTRODUCTION 

Chemical  hypersensitivity  to  xenobiotics  causes  adverse 
responses  to  normally  subacute  levels  of  a  specific  chemical, 
or  a  group  of  chemicals.  Affected  individuals  may  suffer  from 
exaggerated  immune  response  manifested  as  inflammation  of 
epithelial  and  mucosal  tissues  (1,2).  Alternatively,  they  may 
present  altered  capacity  for  scavenging,  modifying  or 
degrading  a  relevant  chemical  (3).  The  aberrantly  processed 
chemical  may  cause  toxicological  stress  in  target  tissues,  with 
symptoms  that  vary  in  nature  and  timing  according  to  the 
tissue,  type  of  exposure  and  the  permeability  of  the  chemical. 
Mutations  leading  to  such  aberrant  chemical  metabolism  were 
identified  largely  within  coding  regions,  thus  affecting  detoxi¬ 


fying  protein  properties.  However,  impaired  transcriptional 
activation  of  genes  responsible  for  detoxification,  due  to  muta¬ 
tions  in  their  regulatory  sequences,  may  be  an  equally  impor¬ 
tant  cause  of  chemical  hypersensitivity.  For  example,  the 
metal-chelating  metallothioneins  (4)  and  some  members  of  the 
cytochrome  P450  chemical-modifying  enzyme  family  (5) 
respond  to  exposure  to  xenobiotics  by  transcriptional  activa¬ 
tion  which  increases  protection.  Impaired  transcriptional 
activation  due  to  promoter  polymorphisms  in  such  genes 
would  hence  cause  chemical  hypersensitivity. 

Organophosphate  and  carbamate  acetylcholinesterase  inhib¬ 
itors  (anti-AChEs)  are  often  implicated  in  chemical  hyper¬ 
sensitivity  (6,7).  These  agents  impair  neurotransmission  (8,9) 
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and  interact  with  both  AChE  and  its  serum  homolog,  butyryl- 
cholinesterase  (BuChE).  Their  toxicity  has  led  recently  to  limi¬ 
tation  of  their  use  in  the  USA  as  agricultural  or  home-use 
insecticides  (7,8,10).  However,  agricultural  anti-AChEs  are 
prolifically  used  in  developing  countries.  Other  anti-AChEs 
are  employed  as  Alzheimer’s  disease  drugs  (1 1)  or  as  prophy¬ 
lactic  agents  under  anticipation  of  chemical  warfare  (12).  Certain 
cases  of  anti- AChE  hypersensitivity  were  attributed  to  decreased 
scavenging  capacity  in  carriers  of  the  mutant  ‘atypical’  (6)  or 
‘silent’  (13)  BuChE  variants  or  to  polymorphisms  in  the  para- 
oxonase  gene,  PON1  (14,15),  encoding  an  organophosphate- 
hydrolyzing  enzyme.  However,  many  cases  appear  to  have 
another,  yet  undefined  origin(s)  (16).  Previous  studies  have 
shown  that  anti-AChEs  promote  overproduction  of  the 
readthrough  AChE  splice  variant  (AChE-R)  in  the  mouse 
brain  (17).  This  induction  of  AChE  production,  and  the  conse¬ 
quent  increase  in  scavenging  capacity,  confer  short-term 
protection  during  exposure  to  such  chemicals  (18). 
Conversely,  we  postulated  that  an  impaired  ability  for  such  an 
induction  would  be  associated  with  hypersensitivity  to  anti- 
AChEs.  Impaired  transcriptional  response  to  chemical  stres¬ 
sors  may  be  due  to  deficient  association  with  specific  tran¬ 
scription  factors.  Functional  polymorphisms  affecting 
chemical  hypersensitivity  to  anti-AChEs  are  therefore  likely  to 
be  found  close  to  consensus  motifs  for  stress-associated  tran¬ 
scription  factors,  e.g.  the  glucocorticoid  receptor  (GR)  (19)  or 
hepatocyte  nuclear  factor  3  (HNF3)  (20). 

Here,  we  describe  the  identification  of  two  adjacent  muta¬ 
tions  in  a  distal  upstream  enhancer  domain  of  the  human 
(h )ACHE  gene.  One  of  the  mutations,  identified  in  a  woman 
who  presented  with  acute  hypersensitivity  to  the  anti-AChE 
pyridostigmine,  was  found  to  constitutively  increase  AChE 
expression  by  abolishing  one  of  two  adjacent  HNF3  binding 
sites;  the  other  impairs  a  GR  binding  site.  Increased  sensitivity 
and  impaired  transcriptional  response  to  anti-AChEs  were  also 
observed  in  transgenic  mice  overexpressing  hAChE.  More¬ 
over,  these  mice  presented  increased  expression  of  HNF3P  in 
target  tissues.  Altogether,  our  findings  imply  an  association  of 
ACHE  promoter  polymorphism(s)  with  anti-AChE  hypersensi¬ 
tivity  by  way  of  a  mechanism  that  probably  involves  both  early 
modulators  such  as  the  HNF3p  transcription  factor  and  the 
downstream  responding  ACHE  gene. 

RESULTS 

Genotyping  and  sequencing  of  promoter  regions  in  the 
ACHE  locus 

Genomic  DNA  from  103  subjects,  including  several  individ¬ 
uals  who  suffered  cholinergic  symptoms  under  anti-cholin¬ 
esterase  exposure,  was  subjected  to  length  polymorphism 
analysis  at  each  of  the  six  regions  detailed  in  Materials  and 
Methods.  This  analysis  identified  a  4-bp  deletion  in  region  I  of 
the  ACHE  promoter  in  three  heterozygous  carriers,  including 
proband  I,  her  mother  and  proband  II.  Region  I,  rich  in 
consensus  binding  sequences  for  various  transcription  factors, 
includes  two  sites,  19  bp  apart,  for  binding  HNF3(3  or  HNF5/ 
HNF3a.  The  more  upstream  of  these  sites  partially  overlaps  a 
glucocorticoid  response  element  (GRE)  half-palindromic  site 
(Fig.  IB,  top)  and  is  abolished  by  the  newly  identified  deletion 
(Fig.  IB,  bottom).  Further  screening  of  region  I  in  230 
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130  140  150  160  170  180 

Wt GGCTATTTTCTAATGGTTATTTATTGATCGTATGCTAAAGAAGGGGTGGATTATTCATGA 
A  AGCTATTTTCTAATGGTTATTTATTGATCGTATGCTAAAGAAGGGGTGGATTATTCATGA 


190  200  210 

wt GTTTTCCAGAAGAGGGGTAGGAATTTCCCAGAACTGAG 
A  GTTTTCCAGAAGAGGGGTAGGAATTTCCCAGAACTGAG 


Figure  1.  ACHE  promoter  polymorphism  in  the  hypersensitive  proband  I.  (A) 
Selecting  domains  prone  to  effective  polymorphism  in  the  hACHE  upstream 
region.  (Top)  Density  of  consensus  motifs.  Shown  are  cumulative  numbers  of 
consensus  motifs  in  500  bp  regions  along  the  AF002993  cosmid  reverse  DNA 
sequence.  Arrow  above  represents  the  ACHE  transcription  start  site  (nt  22465  in 
the  cosmid  sequence;  37,38).  (Bottom)  Nucleotide  pair  patterns.  Shown  are  per¬ 
centages  of  the  noted  nucleotide  pairs  counted  in  60  bp  windows  and  3  nt  shifts 
along  the  AF002993  DNA.  Peaks  and  troughs  represent  homogeneous 
sequences;  arrow-delineated  Roman  numerals  represent  approximate  positions 
of  primer  pairs  designed  to  amplify  the  regions  of  interest.  Note  the  high  number 
of  consensus  motifs  located  in  region  I.  (B)  Characteristics  of  the  polymorphic 
region  I.  (Top)  Consensus  binding  sites  for  transcription  factors  in  region  I.  Pre¬ 
sented  (triangles)  are  approximate  positions  within  region  I  of  binding  sites  for 
the  transcription  factors  designated  on  the  left.  Sites  with  complete  consensus 
sequences  as  well  as  the  GRE  half-palindromic  site  (42),  TGTTCT,  were  located 
using  FindPattems  of  the  GCG  software  package  and  the  Matlnspcctor  program 
(34).  Gray  triangles  represent  consensus  sequences  known  to  bind  either  HNF3a 
or  HNF3p;  the  asterisk  designates  the  mutated  binding  site.  The  first  and  last 
nucleotides  of  region  1  as  well  as  the  transcription  start  site  arc  marked.  (Bottom) 
Region  I  sequence.  Presented  is  the  normal  region  I  sequence  (wt;  the  T/A  sub¬ 
stitution  is  circled)  aligned  with  the  mutant  sequence  allele  carrying  the  4-bp 
deletion  (A).  Nucleotide  1  is  5267  in  the  AF002993  cosmid  reverse  sequence. 
The  two  HNF3  consensus  binding  sites  are  underlined. 
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Table  1.  Allele  frequencies  of  cholinesterases  gene  mutations 


Mutation  (position3) 

Allele  frequency 

Sample  size 

Genotype 

Additional  linked  ACHE  mutations 

ACHE  A4  (-17116) 

0.012 

333 

all  heterozygous 

5x  H322/N322d 

ACHE  T^A  (-171 13) 

0.006 

333 

all  heterozygous 

none 

BCHE 

0.025 

177c 

7x  heterozygous, 

ND 

D70Gb 

lx  homozygous 

Mutation  detection  was  achieved  by  length  polymorphism  analysis  (for  ACHE  A4)  or  by  PCR  and  subsequent  sequencing  (for  ACHE  T^A,  ACHE  H322N  and 
the  BCHE  D70G  mutation). 

Positions  are  relative  to  ACHE  transcription  start  site. 
bThe  mutation  responsible  for  the  ‘atypical’  BuChE  variant. 
cThis  is  a  subset  of  the  sample  used  for  ACHE  mutation  screening. 

dThe  biochemically  neutral  H322N  mutation  is  responsible  for  the  Ytb  blood  group.  Screening  was  performed  in  six  carriers  of  ACHE  A4,  three  carriers  of  ACHE 
T-»A  and  16  non-carriers. 

ND,  not  determined. 


additional  individuals  identified  a  second  mutation,  a  T— >A 
substitution,  which  impairs  the  GRE  (Fig.  IB,  bottom),  and 
established  the  allele  frequencies  of  the  deletion  and  the  substi¬ 
tution  as  0.012  and  0.006,  respectively  (Table  1),  in  conformity 
with  a  Hardy- Weinberg  distribution.  Although  one  carrier  of 
the  deletion  was  hospitalized  for  multi-infarcts,  no  increase 
was  detected  in  the  prevalence  of  any  of  these  mutations  in  100 
patients  hospitalized  for  infarcts.  Carriers  of  both  mutations, 
who  were  of  various  ethnic  origins,  were  additionally  screened 
for  the  H322N  mutation  in  ACHE  (21).  Five  of  the  six  screened 
deletion  carriers  were  found  to  be  heterozygous  for  this  muta¬ 
tion  as  well  (Table  1).  This  compares  with  two  heterozygous 
individuals  out  of  16  screened  non-carriers.  No  linkage  was 
found  between  the  T— >A  substitution  and  the  H322N  mutation. 

Of  the  total  333  individuals,  177  were  also  screened  for  the 
BCHE  'atypical’  allele.  The  allele  frequency  of  0.025  deter¬ 
mined  for  this  sample  (Table  1)  agrees  with  the  reported 
frequency  range  of  0.015-0.05  for  ‘atypical’  BCHE  in 
different  ethnic  groups  of  the  Israeli  population  (21).  In  the 
group  currently  being  analyzed,  none  of  the  individuals 
directed  to  us  due  to  suspected  anti-AChE  sensitivity,  nor  the 
carriers  of  the  ACHE  promoter  mutations,  carried  the  BCHE 
‘atypical’  allele. 

Increased  basal  levels  of  blood  AChE  in  carriers  of  the  4- 
bp  deletion 

Two  carriers  of  the  deletion  showed  symptoms  that  may  be 
associated  with  cholinergic  excitation  (see  Materials  and 
Methods).  Proband  III  displayed  gastrointestinal  distress 
compatible  with  peripheral  nervous  system  (PNS)  excitation, 
which  could  be  attributed  to  pesticide  exposure  in  her  home 
vicinity,  a  crop-growing  area.  Proband  I  suffered  characteristic 
acute  anti-AChE  intoxication  in  response  to  a  subacute  dose  of 
the  carbamate  anti-AChE  pyridostigmine.  Several  years  after 
this  incident,  peripheral  blood  AChE  levels  were  measured  in 
proband  I  as  well  as  in  her  parents  and  were  found  to  be 
slightly  higher  than  normal  in  both  the  proband  and  her  mother 
(Fig.  2A).  No  differences  were  found  in  serum  BuChE  activity 
levels,  in  BuChE  inhibition  by  succinylcholine  or  in  the  BCHE 
gene  sequence  (data  not  shown),  excluding  BuChE  abnormali¬ 
ties  and  its  potential  involvement  in  the  proband’s  phenotype. 
Epstein-Barr  virus  (EBV)-transformed  lymphoblast  cell  lines 
were  established  from  the  second  carrier  (proband  II)  and  from 
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Figure  2.  Increased  AChE  activity  levels  in  blood  from  carriers  of  the  4-bp 
deletion.  (A)  Red  blood  cell  (RBC)  AChE  levels  in  proband  I,  family  and  con¬ 
trol  individuals.  Shown  is  the  pedigree  of  proband  I,  with  the  proband  and  her 
mother  heterozygous  for  the  4-bp  deletion  (half-filled  circles,  see  below).  Col¬ 
umns  present  means  of  triplicate  measurements  of  specific  AChE  activity  in 
RBC  fractions  from  members  of  the  proband’s  family.  For  the  control  popula¬ 
tion,  presented  are  mean  ±  standard  deviation  (n  =  20).  (B)  AChE  levels  in 
EBV-transformed  lymphoblasts  from  a  deletion-carrying  individual  and  his 
non-carrier  brother.  Presented  are  AChE  activity  levels  in  homogenates  of 
EBV-transformed  lymphoblast  cell  lines  established  from  peripheral  blood  of 
proband  II,  a  carrier  of  the  4-bp  deletion  and  his  non-carrier  brother,  as 
depicted  in  the  pedigree.  Shown  are  means  and  standard  deviations  of  AChE 
levels  in  seven  separate  homogenates  normalized  to  total  protein  measured 
with  the  Bio-Rad  Dc  protein  assay  kit  (Bio-Rad,  Hercules,  CA). 


his  non-carrier  brother,  both  negative  for  the  ‘atypical’  BCHE 
mutation.  These  cells  showed  significantly  higher  AChE 
activity  levels  for  the  deletion  carrier  than  for  his  brother  (Fig. 
2A). 

HNF3P  binding  assays 

The  functionality  of  the  two  putative  HNF3  binding  sites  in 
region  I  was  confirmed  by  electromobility  shift  assays 
(EMSAs).  Probes  containing  either  one  or  both  of  the  normal 
sites  all  displayed  a  mobility  shift  when  incubated  with  cell 
extracts  from  HNF3 p-overexpressing  COS  cells  (Fig.  3A).  An 
additional  supershift  caused  by  rat  HNF3P-specific  polyclonal 
antibodies  identified  the  binding  activity  as  HNF3p.  In 
contrast,  the  mutated  upstream  site  was  unable  to  bind  HNF3P, 
or  to  compete  with  the  normal  upstream  site  probe  for  HNF3p 
binding.  Nevertheless,  the  deletion  did  not  interfere  with 
HNF3p  binding  to  the  intact  downstream  site  in  a  probe  repre¬ 
senting  the  mutant  allele  (Fig.  3A). 
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Figure  3.  Functional  characterization  of  region  I  deletion.  (A)  Gel  mobility  shift  assays  reveal  differential  HNF3JJ  affinities  for  the  two  normal  and  one  mutant 
region  I  sites.  EMSA  gel  images  show  shifted  probe  bands  (open  triangles),  as  well  as  supershifted  bands  (filled  triangles;  Ab,  antibody  in  a  1 : 1000  or  1 :500  dilu¬ 
tion  for  wtl  in  the  two  right  lanes,  respectively).  Probes  used  for  each  assay  are  designated  above  the  respective  table.  (Inset)  Presented  are  the  5'  end-labeled  (filled 
circles)  double-stranded  oligodeoxynucleotides  tested  for  the  binding  capacities  of  the  normal  and  mutant  domains  in  region  I.  Numbers  are  as  in  Figure  IB,  bot¬ 
tom.  Putative  HNF3-binding  sites  on  these  probes  are  boxed  and  numbered.  (B)  Differences  in  transcription  activation  abilities  of  the  normal  and  mutant  region  I 
sequences.  (Inset)  Presented  are  AChE  expression  constructs  used  for  transfection  experiments.  Designated  are  region  I  normal  and  variant  fragments  (dark  gray 
boxes;  deletion  dotted),  the  minimal  promoter  (P),  intron  1  (II),  and  numbered  exons  (E).  Columns  show  fold  increase  values  of  AChE  activities  in  COS  cells 
transfected  with  AC6  (open  bars),  wtAC6  (closed  bars)  or  the  AAC6  vector  (shaded  bars),  either  alone  or  together  with  constructs  encoding  the  designated  rat 
transcription  factors,  both  under  control  of  the  rat  phosphoglycerate  kinase- 1  promoter.  Cross-hatched  columns  represent  transfections  with  constructs  encoding 
the  transcription  factors  alone.  Shown  are  average  specific  AChE  activities  in  cell  lysates  from  five  transfection  experiments  as  compared  with  those  of  cells  treated 
with  Lipofectamine  alone,  in  the  same  set  (-).  Asterisks  mark  activities  significantly  different  {P  <0.01,  Scheffe’s  test)  from  those  in  lysates  of  cells  transfected 
with  AC6  alone.  Double  asterisks  mark  an  additional  significant  difference  between  the  wild-type  and  mutant  groups. 


The  4-bp  deletion  increases  HNF3P-induced  ACHE  gene 
expression 

To  test  whether  HNF3  binding  to  the  identified  sites  can  modu- 
late  transcription  from  the  h ACHE  gene,  we  employed  the  AC6 
AChE  promoter-reporter  DNA  constructs  to  which  we  added 
the  normal  (wtAC6)  or  deleted  (AAC6)  region  I  sequence. 
When  transfected  into  COS  cells,  each  of  these  three  constructs 
directed  h ACHE  expression,  with  both  versions  of  region  I 
slightly  enhancing  the  minimal  promoter’s  effect  (Fig.  3B). 
Co-transfection  with  a  construct  encoding  rat  HNF3a 
increased  AChE  expression  by  50  and  100%  for  the  normal 
and  mutant  versions,  respectively,  compared  with  the  minimal 
promoter.  Rat  HNF3P  increased  AChE  expression  by  60%  for 
the  mutant,  but  had  no  effect  on  the  normal  allele.  Hence, 
region  I  includes  a  functional  HNF3 -dependent  enhancer  and 
the  4-bp  deletion  increases  its  effect  on  AChE  expression. 

Inherited  increases  in  AChE  basal  levels  impair  its  anti- 
AChE-induced  overexpression  and  increase  sensitivity  to 
these  inhibitors  ' 

To  test  whether  AChE  overexpression  impairs  individual 
responses  to  subacute  doses  of  anti-AChEs,  we  used  transgenic 
mice  overexpressing  human  synaptic  AChE  (22).  Exposure  to 
a  subacute  dose  of  pyridostigmine  caused  severe  diarrhea  in 
hAChE-transgenics  as  compared  with  mild  symptoms  in 
control  FVB/N  mice.  Additionally,  average  survival  time 
under  exposure  to  a  lethal  dose  of  diisopropylfluorophosphate 


(DFP)  was  1.9  ±  0.4  min  for  hAChE-transgenic  mice  as 
compared  with  5.5  ±3.3  min  for  age-  and  sex-matched  control 
mice  (n  =  4  for  each  group;  P  <  0.05,  Student’s  t  test).  Two 
hours  after  exposure  to  a  subacute  dose  of  DFP,  intestinal 
AChE  was  found  to  be  inhibited  to  49  ±  38%  and  38  ±  7%  of 
its  initial  activity  in  transgenic  and  normal  mice,  respectively. 
In  situ  hybridization  revealed  ~5-fold  increases  in  the  stress- 
associated  AChE-R  mRNA  transcripts  in  the  small  intestine 
(known  to  express  HNF3p)  (23)  of  normal  mice.  Labeling  was 
localized  primarily  to  the  intestinal  epithelium,  muscularis 
mucosa  and  intestinal  gland  regions  where  proliferation  of 
epithelial  cells  takes  place  (Fig.  4).  In  contrast  to  normal  mice, 
transgenics  displayed  initially  higher  levels  of  intestinal 
AChE-R  mRNA,  yet  showed  no  significant  difference  between 
DFP-  and  saline-injected  groups  (Fig.  4). 

HNF3P  and  AChE  are  co-expressed  in  hematopoietic 
progenitors  and  in  the  brain 

To  contribute  to  anti-AChE  responses,  HNF3p  would  be 
expected  to  be  expressed  in  AChE-producing  cells,  which 
respond  to  anti-AChE  exposure.  To  examine  whether  this  basic 
condition  is  met,  HNF3P  mRNA  was  searched  for  in  brain  and 
blood  cells  by  reverse  transcriptase-polymerase  chain  reaction 
(RT-PCR)  and  in  situ  hybridization  (ISH)  analyses.  HNF3p 
production  was  identified  in  cortical,  cerebellar  and  hippo¬ 
campal  neurons  in  the  mouse  brain  (Fig.  5A  and  data  not 
shown)  as  well  as  in  AChE-expressing  megakaryocytes, 
lymphocytes  and  CD34-positive  human  blood  cell  progenitors 
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Figure  4.  Anti-AChE  exposure  induces  trasncriptional  AChE  activation  in  the  intestine  of  normal  but  not  AChE-overexpressing  transgenic  mice.  Presented  are 
representative  transverse  ileum  sections  prepared  from  mice  2  h  post-injection  (i.p.,  1  mg/kg  body  weight)  of  DFP  or  saline.  Columns  present  AChE-R  mRNA 
signal  quantified  in  similar  micrographs  as  percentages  of  labeled  area  out  of  the  villus  area  (means  of  two  to  five  villi  from  two  to  six  animals,  one  to  three  separate 
experiments  for  each  animal  ±  standard  deviation).  Asterisks  denote  statistically  significant  differences  (P  <0.01,  Scheffe’s  test).  Note  the  drastic  increase  in 
AChE-R  mRNA  levels  within  the  intestinal  epithelium  (E),  the  muscularis  mucosa  (MM)  and  the  intestinal  gland  (G)  regions  of  DFP-treated  normal  mice. 
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(Fig.  5B).  Involvement  of  HNF3(3  with  the  impaired  transcrip¬ 
tional  response  to  anti-AChE  exposure  would  further  predict 
altered  HNF3(3  expression  in  AChE-overproducing  mice.  In 
keeping  with  this  expectation,  brain  HNF3(3  expression,  which 
was  barely  detectable  in  normal  mice,  was  conspicuously 
higher  in  AChE-overexpressing  transgenics  (Fig.  5A). 
Impaired  responses  to  anti-AChE  exposure  in  AChE-overex¬ 
pressing  mammals  can  therefore  include  HNF3  contribution  in 
brain,  blood  and  intestinal  epithelium  alike. 

DISCUSSION 

We  have  identified  a  transcription  activating  deletion  in  a 
distal  enhancer  domain  of  the  human  ACHE  promoter  and 
demonstrated  impairment  of  the  transcriptional  activation 
response  to  anti-AChE  exposure  in  transgenic  mice  overpro¬ 
ducing  AChE.  In  both  mice  and  humans,  AChE  overproduc¬ 
tion  was  associated  with  anti-AChE  hypersensitivity. 
Together,  this  suggests  ACHE  promoter  polymorphisms  as 
novel  susceptibility  factors  for  anti-AChE  hypersensitivity. 

Previously  described  polymorphisms  in  the  coding  regions 
of  BCHE  (6)  and  PON1  (14,15)  genes  were  reported  to  predis¬ 
pose  homozygous  carriers  to  slowly  manifested  central 
nervous  system  (CNS)  symptoms  of  anti-AChE  poisoning 
(6,15).  In  contrast,  the  ACHE  promoter  deletion  is  manifested 
in  dominant  and  rapidly  developing  PNS  symptoms  in  hetero¬ 
zygous  carriers.  The  allele  frequency  of  0.012  defines  this 
deletion  as  a  rare  polymorphism  in  the  Israeli  population.  The 
other  mutation  in  this  region  of  the  ACHE  promoter,  a  T— >A 
substitution,  was  found  to  be  even  less  abundant,  with  an  allele 
frequency  of  0.006.  As  carriers  of  both  mutations  are  of  diverse 
ethnic  origin,  it  is  conceivable  that  these  mutations  have  more 
than  one  founder.  However,  the  higher  prevalence  of  the 
H322N  mutation  in  carriers  of  the  promoter  deletion, 
compared  with  the  reported  allele  frequency  range  of  0.06- 


0.19  in  different  ethnic  groups  of  the  Israeli  population  (21), 
suggests  a  strong  linkage  between  the  two  mutations. 

DNA  sequencing,  EMSAs  and  transfection  experiments 
demonstrated  that  the  transcription  activation  conferred  by  the 
4-bp  deletion  was  due  to  elimination  of  a  functional  binding 
site  for  transcription  factors  of  the  HNF3  family.  HNF3P  is 
known  to  enhance  transcription  of  several  genes  through  distal 
enhancer  domains  (e.g.  mouse  serum  albumin)  (24).  When 
included  in  constructs  carrying  the  normal  allele  and  tranfected 
into  COS  cells,  the  normal  HNF3  site  hampered  transcriptional 
activation,  probably  by  interfering  with  HNF3  binding  to  a 
second  site  located  19  bp  (~65  A)  downstream.  The  higher 
steady-state  blood  AChE  levels  in  carriers  of  the  mutation  and 
the  elevated  expression  in  immortalized  lymphoblasts  from 
such  a  carrier,  compared  with  normal  homozygotes,  imply  that 
similar  activation  occurs  when  the  enhancer  domain  is  in  its 
natural  context. 

That  AChE  overexpression  may  hamper  anti-AChE 
responses  was  shown  in  transgenic  mice,  which  presented  with 
hypersensitivity  to  anti-AChEs,  accompanied  by  impairment 
in  the  transcriptional  activation  of  AChE  production.  Such 
activation  was  shown  previously  to  occur  in  the  brain,  both 
under  inhibition  and  in  response  to  psychological  stress  (25). 
Our  current  findings  suggest  that  transcriptional  AChE  over¬ 
production  in  intestinal  endothelium  may  contribute  towards 
overcoming  toxicological  stress  by  offering  protection  to  the 
peripheral  cholinergic  systems.  While  the  detailed  cause  of 
impairments  in  the  transcriptional  activation  of  AChE  remain 
to  be  uncovered,  one  possible  factor  may  be  HNF3(J  which 
presents  increased  transcription  in  the  brains  of  AChE-overex¬ 
pressing  mice. 

AChE  overproduction  was  manifested  under  exposure  to  both 
the  slowly  reversible  inhibitor  pyridostigmine  (17)  and  the  irre¬ 
versible  inhibitor  DFP  (this  report).  Such  feedback  response 
should  be  crucial  for  overcoming  exposure  to  irreversible  inhibi¬ 
tors,  yet  is  also  important  during  exposure  to  slowly  reversible 
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Figure  5.  HNF3|3  is  elevated  in  the  brain  of  hAChE-overexpressing  mice  and 
is  co-expressed  with  AChE  in  diverse  human  hematopoietic  lineages.  (A)  Hip¬ 
pocampal  expression  of  HNF3(5  increases  in  transgenic  mice.  Representative 
micrographs  of  ISH  experiments  performed  on  FVB/N  mouse  sagital  brain 
sections  obtained  from  control  and  transgenic  mice  {n  =  2  for  each  group). 
Shown  are  the  CA1,  CA2  and  the  dentate  gyrus  (DG)  hippocampal  structures, 
known  to  express  AChE  (17).  Note  the  increase  in  HNF3p  mRNA,  (red  signal) 
in  both  regions  of  transgenic  mice.  (B)  Hematopoietic  expression,  presented 
are  RT-PCR  products  amplified  using  primers  specific  for  the  domain  com¬ 
mon  to  all  hAChE  splice  variants  (top)  or  for  rat  HNF3p  (bottom),  from  RNA 
of  human  hematopoietic  cells,  sorted  by  flow  cytometry  from  umbilical  cord 
blood  (43).  Shown  are  products  from  CD34-positive  progenitor  cells  (CD34+), 
CD34-negative  fully  committed  white  blood  cells  and  megakaryocytes 
(CD34-),  mature  megakaryocytes  (CD41+)  and  white  blood  cells  (CD41-).  All 
express  AChE  and  the  expected  -300  bp  HNF3|3  product  (arrow;  also  pro¬ 
duced  in  the  liver  carcinoma  HepG2  cell  line)  accompanied  by  an  -400  bp  uni¬ 
dentified  product.  M,  size  marker.  No  products  appeared  in  control  reactions 
containing  no  RT  (data  not  shown). 


ones.  Thus,  de  novo  synthesis  of  a  new  pool  of  uninhibited 
enzyme,  to  replace  the  non-functioning  pool  offers  a  major 
pathway  for  down-regulating  inhibitor-induced  hyper-excitation. 
The  feedback  response  to  anti-AChE  exposure  preferentially 
produces  the  alternatively  spliced  stress-associated  AChE-R 
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Figure  6.  Constitutive  AChE  overproduction  impairs  the  feedback  response  to 
anti-AChEs.  (A)  Transcriptional  AChE  overproduction  and  alternative  splicing 
confer  protection  by  increasing  scavenging  capacity.  The  scheme  shows  the 
ACHE  gene  and  its  extended  promoter,  with  the  two  adjacent  HNF3p  binding 
sites  (black  boxes)  and  an  additional  binding  site  for  the  glucocorticoid  recep¬ 
tor  (diagonally  hatched  box).  Numbered  steps  display  the  tentative  pathway  of 
anti-AChEs  responses,  as  follows.  (1)  Under  normal  conditions,  the  major 
transcript  in  both  the  CNS  and  PNS  is  the  synaptic  variant  (AChE-S);  hemat¬ 
opoietic  cells  express  preferentially  the  GPI-anchored  AChE-E  isoform.  (2) 
Anti-AChEs  bind  to  the  active  site  in  the  core  domain  common  to  all  AChE 
isoforms.  This  elevates  acetylcholine  levels,  causes  cholinergic  excitation  and 
thus  mimics  stress  conditions  (25).  (3)  Cholinergic  excitation  causes  enhanced 
transcription,  possibly  via  the  c -fos  transcription  factor,  which  is  thought  to 
activate  AChE  transcription  under  stress  (17).  (4)  Newly  transcribed  AChE 
mRNA  is  produced.  Alternative  splicing  preference  is  for  production  of  AChE- 
R  mRNA  instead  of  AChE-S  mRNA.  (5)  Consequently,  a  new  pool  of  uninhib¬ 
ited,  hyper-sensitive  AChE-R  molecules  accumulates  in  the  tissue,  increasing 
its  inhibitor  scavenging  capacity.  (B)  Deletion  carriers  may  fail  to  respond  by 
transcriptional  overproduction  due  to  constitutive  AChE  accumulation.  With 
one  HNF3p  site  missing,  the  remaining  site  is  more  effectively  activated  by  the 
transcription  factor,  causing  constitutive  AChE  overproduction  (1).  This  leads 
to  AChE  accumulation  of  which  at  least  a  part  comprises  AChE-R  molecules. 
Anti-AChEs  (2)  would  therefore  inhibit  preferentially  the  more  sensitive 
AChE-R  variant,  leaving  some  enzyme  (possibly  AChE-S,  or  AChE-E  in  the 
case  of  hematopoietic  cells)  uninhibited.  However,  the  feedback  response  (3) 
is  impaired.  This  is  apparently  crucial  for  replenishing  the  enzyme  pool  to  an 
extent  sufficient  to  suppress’ acute  post-exposure  symptoms. 


variant  (ref.  17  and  this  report).  AChE-R  displays  significantly 
higher  inhibition  constants  for  several  anti-AChEs  as  compared 
with  the  normally  produced  ‘synaptic’  AChE-S  variant  (A. 
Salmon  and  H.  Soreq,  unpublished  data).  The  increased  anti- 
AChE  scavenging  capacity  of  AChE-R  supports  the  notion  of  its 
involvement  with  exposure  responses,  as  it  would  protect  the 
functionally  essential  synaptic  isoform.  However,  constitutive 
AChE  overproduction  such  as  that  occurring  in  heterozygous 
carriers  of  the  upstream  deletion  may  prevent  sufficient  overpro- 


Human  Molecular  Genetics ,  2000,  Vol.  9,  No.  9  1279 


duction  of  these  scavenging  AChE  molecules  (Fig.  6).  Under 
exposure,  such  carriers  would  therefore  lack  a  fresh  pool  of  unin¬ 
hibited  enzyme,  providing  a  plausible  explanation  of  their 
apparent  hypersensitivity. 

HNF3  has  been  reported  to  participate  in  the  acute-phase 
response  of  the  liver  to  trauma  or  inflammation  (20).  In  addi¬ 
tion  to  its  known  expression  patterns  (23),  we  found  HNF3(3  to 
be  expressed  in  hematopoietic  cells  and  hippocampal  neurons, 
both  of  which  are  known  for  their  rapid  toxicological  stress 
responses  (17,26).  Our  current  findings  further  demonstrate 
that  overexpression  of  AChE  leads  to  HNF3p  overproduction 
and  creates  a  predisposition  to  adverse  responses  to  anti-AChE 
exposure.  The  greater  sensitivity  presented  by  the  hAChE- 
transgenic  mice  within  minutes  of  exposure  to  anti-AChEs, 
suggests  a  prior,  permanent  change  in  the  cholinergic  system 
of  these  mice  which  is  also  attributed  to  AChE  overexpression. 
This  change  can  be  caused  by  the  overexpressed  HNF3|3;  alter¬ 
natively,  it  may  involve  non-catalytic  functions  of  AChE,  such 
as  its  previously  reported  roles  in  proliferation  and  differentia¬ 
tion  of  various  cell  types  (27).  Altogether,  this  predicts  the 
participation  of  HNF3 -regulated  AChE  in  toxicological  stress 
responses  in  many  tissues,  and  points  to  HNF3p  as  a  more 
general  stress-responsive  protein  than  previously  realized. 
AChE  regulation  by  HNF3p  may  be  further  influenced  by  the 
ubiquitous  stress-related  GR  (19),  known  to  act  with  HNF3 
either  synergistically  (28)  or  competitively  (29),  plausibly 
affecting  the  choice  between  the  two  HNF3 -binding  sites  in  the 
ACHE  promoter. 

We  identified  the  polymorphic  region  in  the  h ACHE 
upstream  sequence  by  combined  search  for  regions  of 
sequence  homogeneity  rich  in  clustered  transcription  factor 
binding  motifs.  Similar  screens  may  be  useful  for  future  ident¬ 
ification  of  polymorphisms,  especially  in  individuals  with 
chemical  hypersensitivity  and  in  genes  that  are  subject  to  tran¬ 
scriptional  activation  under  chemical  exposure.  The  deletion 
identified  in  the  ACHE  promoter  appears  particularly  inter¬ 
esting  for  screening  in  individuals  suffering  from  multiple 
chemical  sensitivity  (MCS) — a  phenomenon  still  awaiting  a 
clear  case  definition — which  involves  multi-organ  adverse 
responses  (e.g.  gastrointestinal  distress  and  neurological  disor¬ 
ders)  to  normally  subacute  levels  of  diverse  chemicals  (30,31). 
This  syndrome  is  believed  to  be  caused  by  neuronal  sensitiza¬ 
tion  in  specific  regions  of  the  CNS  limbic  system  (32).  Both 
stress  and  anti-AChEs  have  been  shown  to  elevate  AChE 
expression  and  to  cause  cholinergic  excitation  in  the  mouse 
brain  (17).  As  the  limbic  system  is  modulated  by  cholinergic 
neurons,  among  others  (33),  the  anti-AChE  hypersensitivity 
presented  by  proband  I  suggests  a  link  between  increased 
AChE  levels  and  such  MCS-related  sensitization. 

To  conclude,  this  polymorphism,  located  17  kb  upstream  of 
the  h ACHE  transcription  start  site,  identifies  a  new  HNF3- 
binding  enhancer  domain  important  for  AChE  expression. 
Heterozygosity  for  the  deletion  is  manifested  as  constitutive 
overproduction  of  AChE;  such  overproduction,  which 
increases  the  susceptibility  to  acute  anti-AChE  exposures  in 
mice,  is  likely  to  be  the  cause  of  the  hypersensitivity  of 
proband  I  to  pyridostigmine.  The  proposed  link  between  this 
mutation  and  the  hypersensitivity  points  to  carriers  of  this 
allele  as  individuals  at  risk  of  developing  adverse  responses 
under  treatment  with  or  exposure  to  anti-AChEs,  which  is 
important  in  view  of  the  increasing  use  of  anti-AChEs  as 


Alzheimer’s  disease  drugs  (11).  Moreover,  stress-  or  anti- 
AChE-induced  increases  in  AChE  levels  (17)  may  cause 
acquired  anti-AChE  sensitivity,  putting  at  risk  a  considerably 
wider  group  of  individuals  (7).  This  type  of  chemical  hyper¬ 
sensitivity  therefore  emerges  from  our  study  as  a  complex  trait, 
perhaps  involving  both  early  modulators  such  as  transcription 
factors  and  downstream  responding  genes. 

MATERIALS  AND  METHODS 

Subjects 

A  total  of  333  individuals  were  investigated.  Of  these,  20  were 
directed  to  us  for  investigation  of  unexplained  symptoms  with 
apparent  cholinergic  involvement,  or  were  family  members  of 
such  individuals.  The  majority  were  randomly  selected,  with 
various  medical  histories  and  no  reported  chemical  sensitivity. 
One  hundred  were  older  patients  hospitalized  due  to  infarcts. 
The  study  was  approved  by  the  Institutional  Review  Board  of 
the  Herzog  Hospital. 

Case  reports 

Proband  I,  a  30-year-old  woman  of  Ashkenazi  Jewish  origin  and 
no  significant  history  of  adverse  drug  responses,  received  a 
single  oral  dose  of  30  mg  pyridostigmine,  a  dose  considered 
safe,  which  is  given  prophylactically  under  anticipation  of 
chemical  warfare  (12).  Within  1  h,  peripheral  blood  AChE  fell  to 
an  almost  undetectable  level,  increasingly  severe  muscle  fascic- 
ulations  developed,  accompanied  by  intense  headache,  rhin- 
norea,  lacrimation  and  frequent  urination.  These  acute 
symptoms  continued  for  3  days,  and  resolved  into  a  5 -day  period 
of  extreme  fatigue,  muscle  weakness  and  general  malaise. 

Proband  II,  a  72-year-old  man,  was  hospitalized  due  to  a 
multi-infarct  dementia,  a  condition  caused  by  blood  flow 
deprivation  during  a  multi-focal  stroke,  which  damages  several 
brain  regions. 

Proband  III  was  a  39-year-old  woman  of  Turkish  origin  with 
a  history  of  three  spontaneous  abortions  performed  under 
general  anesthesia  who  suffered  from  excessive  unexplained 
vomiting  during  a  fourth  pregnancy. 

Selection  of  screened  promoter  regions 

Promoter  regions  prone  to  transcription-modifying  polymor¬ 
phisms  were  sought  in  a  cosmid  clone  (GenBank  accession  no. 
AF002993)  spanning  the  h ACHE  gene  and  -22  kb  of  its 
upstream  sequence.  Clusters  of  putative  transcription  factor 
binding  elements  were  identified  using  the  Matlnspector  2.0 
program  (34)  (core  similarity  of  1,  matrix  similarity  of  0.85; 
Fig.  1A,  top).  Homogeneous  sequence  regions  rich  in  nucle¬ 
otide  pairs  and  susceptible  to  slippage  mutation  (35)  were 
identified  using  the  Window  statistical  program  of  the  Univer¬ 
sity  of  Wisconsin  GCG  software  package  (Fig.  1A,  bottom). 
The  combined  searches  yielded  six  regions  of  interest:  region 
I,  which  spans  a  cluster  of  putative  binding  elements  (e.g. 
glucocorticoid  response,  hepatic  and  ubiquitous  transcription 
factors  such  as  AP-1)  and  is  G/T-rich;  region  II,  with  high  C/A 
content  and  a  30-nt  G/A-rich  domain;  regions  III-V, 
containing  sequence  motifs  suspected  of  forming  protein¬ 
binding  DNA  secondary  structures  (36);  and  region  VI, 
reported  to  be  important  for  ACHE  transcription  (37,38). 
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Length  polymorphism  analysis 

Screening  involved  PCR  amplification  of  assigned  genomic 
DNA  regions  from  peripheral  blood  lymphocytes,  using 
flanking  primer  pairs  with  forward  primers  5'-labeled  with  the 
fluorophore  6-FAM  (Applied  Biosystems,  Foster  City,  CA). 
Electrophoresis  (ABI377  automated  sequencer,  Applied 
Biosystems)  included  an  internal  size  marker  labeled  with  a 
second  fluorophore,  TAMRA  (Applied  Biosystems).  Fragment 
length  was  determined  by  the  ABI  GeneScan  analysis 
program.  Primers  spanned  nucleotides  5267-5484  (region  I), 
9173-9606  (II),  18149-18435  (III),  20709-21029  (IV), 
21485-21673  (V)  and  22259-22534  (VI),  numbered  as  in  the 
AF002996  reverse  sequence. 

Genetic  screening 

DNA  samples  were  subjected  to  length  polymorphism  analysis 
as  well  as  sequencing  of  region  I  of  the  ACHE  promoter; 
samples  from  177  individuals  were  also  screened  for  the  D70G 
‘atypical’  BCHE  allele  (21)  by  PCR  and  subsequent 
sequencing.  All  samples  positive  for  mutations  in  the  promoter 
were  also  screened  for  the  catalytically  neutral  H322N  poly¬ 
morphism  in  the  ACHE  coding  region  (21). 

Cholinesterase  assays 

AChE  and  BuChE  activity  levels  were  assessed  by  measuring 
rates  of  acetylthiocholine  or  butyrylthiocholine  hydrolysis, 
respectively,  as  described  previously  (6). 

Plasmid  constructs 

Constructs  were  engineered  using  amplified  DNA  fragments 
from  normal  (wt)  or  mutant  (A)  genomic  DNA  using  primers 
5267(f)  and  5484(-).  Ligation  upstream  of  a  minimal  600  bp 
fragment  of  the  h ACHE  promoter  (37)  in  the  AC6  construct 
yielded  wtAC6  and  AAC6,  both  encoding  human  AChE  as  a 
reporter. 

Cell  cultures,  transfection  and  harvesting 

COS-1  cells  were  grown  in  a  humidified  chamber  in  Dulbecco’s 
modified  Eagle’s  medium  (Biological  Industries,  Beit  Ha’emek, 
Israel)  supplemented  with  10%  fetal  calf  serum  (FCS)  and  2  mM 
L-glutamine  at  37°C,  5%  C02.  Lymphocytes  transformed  with 
EBV  were  used  to  create  lymphoblast  cell  lines  (39).  These  were 
grown  similarly  to  COS-1  with  16%  FCS.  Transfections  of  COS 
cells  with  2  jig  plasmid  DNA  per  well  were  carried  out  using 
Lipofectamine  (Gibco  BRL  Life  Technologies,  Bethesda,  MD) 
according  to  the  manufacturer’s  instructions.  Cell  homogenates, 
prepared  2  days  post-transfection  in  phosphate-buffered  saline 
(PBS)  containing  1%  Triton  X-100,  were  assayed  for  AChE 
activity,  which  is  not  affected  by  this  detergent.  For  EMSAs, 
cells  were  harvested  with  cold  PBS  and  homogenized  in  a  buffer 
containing  10  mM  NaH2P04,  400  mM  KC1,  10%  glycerol,  1 
mM  dithiothreitol  (DTT),  5  pg/ml  aprotinin,  leupeptin  and 
pepstatin  A,  and  5  |iM  NaF.  Supernatants,  divided  into  aliquots, 
were  stored  at  -70°C  until  use. 

Electromobility  shift  assays 

EMSAs  were  performed  using  dsDNA  probes  homologous  to 
restricted  parts  of  region  I,  essentially  as  detailed  elsewhere 


(40).  Briefly,  ~0.5  ng  32P-labeled  dsDNA  was  incubated  (2  h 
on  ice)  in  a  total  volume  of  36  |il  of  150  mM  KC1,  83  |ig/ml 
Poly(dIdC:dIdC),  5  mM  DTT,  1  mM  EDTA,  5  mM  MgCl2, 
12%  glycerol,  15  mM  Tris  pH  7.5  and  -20  pg  protein  from 
whole  cell  extracts.  Reaction  products  were  electrophoresed  in 
5%  polyacrylamide  gels.  For  competition  experiments,  a  100- 
fold  molar  excess  of  the  corresponding  unlabeled  probe  was 
used.  Pre-incubation  of  protein  extracts  (20  min  on  ice)  with 
anti-HNF3p  polyclonal  antibodies  (1:1000  dilution)  was 
employed  for  supershift  assays. 

RT-PCR 

Reactions  were  performed  as  described  elsewhere  (37). 
Primers  designed  according  to  rat  HNF3P  (numbered  as  in 
accession  no.  L09647)  were  219(f)  and  5 1 8(— ).  Primers  for 
hAChE  (numbered  as  in  AF002993)  were  25587(f)  and 
26968(-).  Annealing  temperatures  were  55  and  65°C,  respec¬ 
tively.  Plus  and  minus  denote  forward  and  reverse  primers, 
respectively. 

In  situ  hybridization 

ISH  was  performed  as  described  elsewhere,  using  a  fluorescent 
product  (41)  or  the  Fast-red  product  (Boehringer-Mannheim 
GmbH,  Germany)  (17)  for  labeling.  Biotinylated,  2'-0-meth- 
ylated  cRNA  probes  were  used,  complementary  to  rat  HNF3p 
mRNA  (positions  281-330  in  sequence  accession  no.  L09647) 
or  to  mouse  AChE-R  (positions  32-81  in  M76540).  Fluores¬ 
cent  signal  quantification  involved  one  to  three  sections  from 
separate  animals  and  ISH  experiments.  Intact  villi  (excluding 
the  cell-shedding  villus  tips)  were  selected  using  the  Adobe 
Photoshop  program.  Following  determination  of  signal  range, 
the  percentage  of  labeled  areas  out  of  the  total  selected  areas 
was  calculated. 

Animal  experiments 

Mice  were  injected  i.p.  with  either  1  mg/kg  body  weight  (in 
ISH  experiments)  or  7  mg/kg  (for  survival  experiments)  of  the 
organophosphate  anti-AChE  DFP  (Sigma,  St  Louis,  MO). 
Pyridostigmine  (0.2  mg/kg;  Sigma)  served  for  testing  sensi¬ 
tivity  to  anti-AChEs.  Mice  were  killed  2  h  after  injection.  All 
experiments  were  approved  by  the  Committee  for  Animal 
Experimentation  at  the  Institute  of  Life  Sciences. 
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Abstract  Closed  head  injury  (CHI)  is  an  important  cause 
of  death  among  young  adults  and  a  prominent  risk  factor 
for  nonfamilial  Alzheimer’s  disease.  Emergency  interven¬ 
tion  following  CHI  should  therefore  strive  to  improve  sur¬ 
vival,  promote  recovery,  and  prevent  delayed  neuropathol¬ 
ogies.  We  employed  high-resolution  nonradioactive  in  situ 
hybridization  to  determine  whether  a  single  intracerebro- 
ventricular  injection  of  500  ng  2'-0-methyl  RNA-capped 
antisense  oligonucleotide  (AS-ODN)  against  acetylcholin¬ 
esterase  (AChE)  mRNA  blocks  overexpression  of  the 
stress-related  readthrough  AChE  (AChE-R)  mRNA  splic¬ 
ing  variant  in  head-injured  mice.  Silver-based  Golgi  stain¬ 
ing  revealed  pronounced  dendrite  outgrowth  in  somato¬ 
sensory  cortex  of  traumatized  mice  14  days  postinjury  that 
was  associated  with  sites  of  AChE-R  mRNA  overexpres¬ 
sion  and  suppressed  by  anti- AChE  AS-ODNs.  Further¬ 
more,  antisense  treatment  reduced  the  number  of  dead 
CA3  hippocampal  neurons  in  injured  mice,  and  facilitated 
neurological  recovery  as  determined  by  performance  in 
tests  of  neuromotor  coordination.  In  trauma- sensitive 
transgenic  mice  overproducing  AChE,  antisense  treatment 
reduced  mortality  from  50%  to  20%,  similar  to  that  dis¬ 
played  by  head-injured  control  mice.  These  findings  dem¬ 
onstrate  the  potential  of  antisense  therapeutics  in  treating 
acute  injury,  and  suggest  antisense  prevention  of  AChE-R 
overproduction  to  mitigate  the  detrimental  consequences 
of  various  traumatic  brain  insults. 
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Introduction 

Head  trauma  is  an  important  cause  of  death  among 
young  adults  [1,2]  and  among  the  most  significant  risk 
factors  known  for  nonfamilial  Alzheimer’s  disease  [3]. 
Emergency  intervention  in  head  injury  must  therefore 
consider  not  only  short-term  survival  and  recovery  but 
also  potential  delayed  neurological  disorders.  Robust 
production  of  stress  hormones,  transcription  factors, 
cytokines,  and  neurotrophic  factors  have  all  been  report¬ 
ed  to  occur  in  the  injured  brain  [4,  5,  6].  Recently  we 
demonstrated  rapid  and  persistent  overexpression  of 
AChE-R  in  brain  following  acute  psychological  and 
chemical  stressors  associated  with  cholinergic  excitation 
[7].  These  observations  suggested  a  role  for  AChE-R  in 
stress  responses  accompanying  various  traumatic  insults 
to  the  central  nervous  system  [8].  Since  the  early  post- 
CHI  response  phase  includes  a  burst  of  released  acetyl¬ 
choline  [9],  we  considered  whether  AChE-R  acts  as  a 
stress  response  element  following  head  injury.  While 
acute  stress  responses  likely  promote  survival,  it  has 
been  argued  that  prolonged  activation  of  stress-related 
genes  initiates  cascades  of  events  with  pleiotrophic  and 
potentially  deleterious  effects  [10].  Transgenic  mice 
overexpressing  human  “synaptic”  AChE-S  in  central 
cholinergic  neurons  exhibit  delayed  impairments  in 
learning  and  memory  [11]  reminiscent  of  neuropatholo¬ 
gies  associated  with  posttraumatic  stress  disorder  and  an¬ 
ticholinesterase  intoxication  [8].  In  this  context,  trauma- 
induced  AChE-R  might  represent  a  candidate  molecule 
contributing  to  the  tight  correlation  between  head  injury 
and  accelerated  neurodeterioration. 

Antisense  oligonucleotides  (AS-ODNs)  eliciting  se¬ 
lective  destruction  of  specific  messenger  RNAs  are  ide¬ 
ally  suited  to  the  need  for  targeted  downregulation  of 
overexpressed  proteins  [12].  AS-ODNs  are  short,  syn¬ 
thetic  strands  of  DNA  designed  to  hybridize  with  a  spe¬ 
cific  target  messenger  RNA  based  on  the  rules  of  com¬ 
plementary  Watson-Crick  base  pairing.  Upon  hybridiza¬ 
tion  with  AS-ODN,  duplexed  RNA  becomes  susceptible 
to  RNase-mediated  nucleolytic  degradation,  effectively 
blocking  de  novo  synthesis  of  the  unwanted  protein. 
AS-ODNs  have  been  used  with  remarkable  success  to 
modulate  nervous  system  gene  expression  in  the  labora¬ 
tory  [13].  Nevertheless,  restricted  transport  of  oligonu¬ 
cleotides  across  the  blood-brain  barrier  still  poses  a 
formidable  obstacle  to  the  application  of  antisense  ther¬ 
apeutics  to  clinical  neurology  [14].  Here,  we  have 
used  direct  intracerebroventricular  injections  to  deliver 
AS-ODNs  to  the  injured  brain,  effectively  suppressing 
stress-induced  overexpression  of  AChE-R  and  improv¬ 
ing  the  outcome  of  CHI. 


Materials  and  methods 

Closed  head  injury 

Adult  mice  were  anesthetized  with  ether  to  loss  of  pupillary  and 
comeal  reflexes.  Closed  head  injury  (CHI)  was  as  described  [15], 


in  accordance  with  NIH  guidelines  for  the  use  and  care  of  labora¬ 
tory  animals  and  following  approval  by  the  Animal  Care  Commit¬ 
tee  of  the  Hebrew  University  of  Jerusalem.  Neurological  function¬ 
ing  attesting  to  the  severity  of  the  injury  was  determined  1  h  post¬ 
trauma,  by  recording  of  successful  trials  of  crossing  a  2-  or  3-cm 
wide  beam. 


Antisense  oligonucleotides 

AS3  is  a  20-mer  oligodeoxynucleotide  (5'-CTGCAATATTTTCT- 
TGCACC-3')  complementary  to  a  sequence  in  exon  E2  of  mouse 
AChEmRNA.  ASB  (5'-GACTTTGCTATGCAT3/)  is  targeted  to 
mRNA  encoding  mouse  butyrylcholinesterase.  In  both  cases,  the 
last  three  3'  nucleotides  were  replaced  with  2’-0-methyl  ribonu¬ 
cleotide  analogs.  Oligonucleotides  were  synthesized,  purified  by 
high-pressure  liquid  chromatography  and  tested  for  purity  by  mass 
spectrometry  at  Hybridon  (Rochester,  N.Y.,  USA). 


Golgi  staining 

Brains  were  fixed  in  34  mM  (1%)  cobalt  nitrate  (18  h,  room  tem¬ 
perature),  impregnated  in  117  mM  (2%)  silver  nitrate  (24-48  h, 
room  temperature)  and  processed  in  fresh  Ramon  y  Cajal’s  devel¬ 
oper.  Paraffin  sections  were  toned  in  5  mM  (0.2%)  gold  chloride, 
washed  and  counterstained  with  2  mM  alum  carmine. 


Results 

To  test  whether  AChE-R  overproduction  takes  place  un¬ 
der  exposure  to  physical  stress  we  exposed  adult  FVB/N 
mice  to  unilateral  CHI  [15]  and  used  in  situ  hybridiza¬ 
tion  to  label  AChE-R  mRNA  in  brain  sections.  Consis¬ 
tent  with  previous  findings,  AChE-R  mRNA  was  low  in 
brains  of  uninjured  mice  ([7]  and  data  not  shown).  In 
traumatized  mice,  however,  intense  labeling  was  ob¬ 
served  in  the  contused  hemisphere  14  days  postinjury, 
especially  close  to  the  site  of  injury  (Fig.  la).  Less  prom¬ 
inent  labeling  was  also  evident  in  the  contralateral  hemi¬ 
sphere  (Fig.  lb).  Using  a  probe  specific  for  AChE-S 
mRNA,  we  could  not  detect  differences  in  the  levels  of 
this  message  between  the  injured  and  noninjured  hemi¬ 
spheres  (data  not  shown).  To  study  the  implications  of 
AChE-R  mRNA  upregulation  on  the  outcome  of  CHI, 
we  employed  AS-ODNs  to  selectively  suppress  postinju¬ 
ry  AChE-R  mRNA  overproduction. 

In  cultured  Saos-2  and  PC  12  cells  low  doses  of  AS3, 
a  partially  2’-0-methyl-RNA  modified  antisense  oligo¬ 
nucleotide  targeted  to  the  common  domain  in  AChE 
mRNA,  efficiently  and  selectively  reduced  AChE-R,  but 
not  AChE-S,  mRNA  levels  ([16]  and  data  not  shown). 
Following  CHI,  a  single  intracerebroventricular  injection 
of  as  little  as  0.5  \ig  AS3  (70  pmol  in  a  total  volume  of 
10  jal)  1  h  postinjury  significantly  prevented  AChE-R 
mRNA  accumulation  in  both  brain  hemispheres  of  in¬ 
jured  mice  (Fig.  lc,  d).  Treated  mice  displayed  no  signs 
of  acute  cholinergic  hypofunction,  suggesting  that 
AChE-S  levels  were  not  significantly  reduced.  Confocal 
microscopy  (Fig.  1  e-h)  revealed  four-  to  fivefold  in¬ 
creased  AChE-R  mRNA  labeling  in  both  somata  and 
apical  dendrites  of  individual  somatosensory  cortical 
neurons  in  the  contused  versus  contralateral  hemisphere 
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Fig.  la-j  Antisense  oligonucleotides  suppress  trauma-induced  ac¬ 
cumulation  of  readthrough  AChE-R  mRNA  in  mouse  brain.  Male 
adult  FVB/N  mice  were  subjected  to  controlled  closed  head  injury 
(left  side  of  the  head),  injected  after  1  h  into  the  left  ventricle  with 
either  saline  or  500  ng  of  the  partially  2-O-methyl-protected  20- 
mer  AS-ODN  AS3  and  killed  14  days  later.  In  situ  hybridization 
was  performed  on  5-pm  paraffin-embedded  brain  sections  using  a 
50-mer  biotinylated  2/-0-methyl  cRNA  probe  targeted  to  intron  14 
in  mouse  AChE-R  mRNA.  Staining  was  with  Fast  Red  (Molecular 
Probes),  a-d  Brightfield  digital  photomicroscopy  images  of  corti¬ 
cal  layers  I-IV  from  injured  (a,  c)  and  contralateral  (b,  d)  hemi¬ 
spheres.  Red  staining  marks  sites  of  AChE-R  mRNA  accumula¬ 
tion.  Note  the  intense  staining  of  cortical  neurons  on  the  injured 
vs.  contralateral  side  of  the  brain  and  the  pronounced  bilateral  re¬ 
duction  in  staining  following  a  single  unilateral  injection  of  AS3. 
e-h  Shown  are  representative  confocal  images  of  neurons  from 
somatosensory  cortex.  Note  the  massive  accumulation  of  AChE-R 
mRNA  in  both  somata  and  apical  dendrites  ( white  arrows).  AS3 
dramatically  suppressed  the  accumulation  of  AChE-R  mRNA  in 
neurons  from  both  the  injured  (e  vs.  g)  and  contralateral  (f  vs.  h) 
hemispheres  and  in  both  subcellular  compartments.  i,j  Densito- 
metric  analysis  was  performed  on  confocal  images  of  cortical  neu¬ 
rons  as  depicted  in  e-h.  i  Columns  Total  number  and  standard  de¬ 
viation  of  pixels/cell  for  10-20  neurons  in  each  group  (left)  or  the 
percentage  of  total  pixels  detected  within  dendrites  (right)  for  the 
injured  and  contralateral  hemispheres  of  mice  injected  with  saline 
or  AS3.  Note  the  disproportionately  high  levels  of  AChE-R 
mRNA-specific  fluorescence  in  neurons  from  the  injured  as  com¬ 
pared  to  contralateral  hemisphere,  and  the  four-  to  sixfold  reduced 
levels  of  staining  in  animals  treated  with  AS3.  The  relative  frac¬ 
tion  of  AChE-R  mRNA  appearing  in  dendrites  was  unmodified  by 
antisense  intervention  (j) 


Fig.  2a-j  Head  trauma  elicits  pronounced  bilateral  accumulation 
of  endogenous  AChE-R  mRNA  in  AChE  transgenic  mice.  Experi¬ 
mental  details  were  as  in  Fig.  1  except  that  saline  was  replaced 
with  an  irrelevant  oligonucleotide,  ASB  (see  “Materials  and  meth¬ 
ods”),  as  control.  Note  that  transgenic  mice,  as  opposed  to  control 
FVB/N  mice  display  prominent  overexpression  of  AChE-R 
mRNA  in  both  the  injured  and  noninjured  brain  hemispheres  fol¬ 
lowing  head  injury,  a-d  Brightfield  microscopy.  In  brains  from 
traumatized  AChE  transgenic  mice  with  preexisting  AChE  excess¬ 
es,  similarly  intense  red  hybridization  signals  were  observed  in 
cell  bodies  and  dendrites  of  neurons  from  both  the  injured  and 
contralateral  hemispheres.  AS3  effectively  suppressed  AChE-R 
mRNA  expression  in  both  hemispheres,  e-h  Confocal  microscopy 
as  in  Fig.  li-j,  Densitometric  analysis  as  in  Fig.  1,  note  the  more 
intense  staining  and  higher  dendrite  localization  of  AChE-R 
mRNA  in  the  contralateral  hemisphere  of  transgenics  as  compared 
to  FVB/N  mice 

(quantified  in  Fig.  li).  AS3  treatment  conspicuously  sup¬ 
pressed  neuronal  labeling  in  both  subcellular  compart¬ 
ments  with  approximately  equal  efficiency  (Fig.  Ij). 
Thus,  CHI  induced  a  persistent,  at  least  2-weeks-long 
overexpression  of  AChE-R  mRNA  in  mouse  brain,  that 
was  observed  predominantly  in  the  injured  hemisphere. 
Moreover,  AChE-R  expression  was  prominently  relieved 
by  a  single  postinjury  injection  of  an  AS-ODN  directed 
to  a  common  exon  in  AChE  mRNA. 

To  explore  the  molecular  and  cellular  effects  of  prein¬ 
jury  AChE  accumulation  we  traumatized  transgenic  mice 
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expressing  up  to  twofold  excesses  of  AChE-S  in  cholin¬ 
ergic  CNS  neurons.  Following  CHI,  transgenic  mice 
were  injected  with  either  AS3  or  an  antisense  oligonucle¬ 
otide  targeted  to  mRNA  encoding  the  nonrelevant,  ho¬ 
mologous  butyrylcholinesterase  (ASB;  see  above  and 
[16]).  Following  in  situ  hybridization  with  an  AChE-R 
mRNA  specific  probe,  intense  hybridization  signals  were 
observed  in  cortical  neurons  from  both  the  injured  and 
contralateral  hemispheres  of  transgenic  mice  treated  with 
the  irrelevant  oligonucleotide  (Fig.  2a,  b).  In  contrast,  a 
single  injection  of  AS3,  effectively  blocked  AChE-R 
mRNA  accumulation  in  both  hemispheres  (Fig.  2c,  d). 
Confocal  analysis  demonstrated  two-  to  fourfold  in¬ 
creased  levels  of  AChE-R  mRNA  in  cells  from  either 
hemisphere  of  transgenic  as  compared  with  control  mice 
(Fig.  2e-h).  AS3  treatment  reduced  AChE-R  mRNA  to 
similarly  low  levels  in  both  FVB/N  and  transgenics  with¬ 
out  affecting  its  subcellular  distribution  (Fig.  2i,  j). 

To  test  the  effects  of  these  AS-ODNs  in  noninjured 
transgenic  mice  we  implanted  2-mm  cannulae  into  the 
lateral  ventricle.  Ten  days  postimplantation  we  infused 
25  ng  ODN  in  a  total  volume  of  1  pi  twice  at  24  h  inter¬ 
vals.  Mice  were  killed  24  h  after  the  second  injection  and 
cortical  homogenates  prepared.  An  affinity-purified  anti¬ 
body  raised  against  a  recombinant  fusion  protein  of  glu¬ 
tathione  transferase  and  the  acetylcholinesterase  read- 
through  peptide  (ARP),  selective  for  AChE-R  (Fig.  3a) 
labeled  a  ladder  of  bands  in  denaturing  gels  run  with 
these  homogenates.  Based  on  densitometry  of  the  six 
most  prominent  bands,  we  calculated  that  animals  treated 
with  ASB  exhibited  elevated  levels  (approximately  40% 
above  naive  mice)  of  immunoreactive  polypeptides,  es¬ 
pecially  the  more  rapidly  migrating  ones  that  likely  re¬ 
flect  degradation  products  of  AChE-R  (Fig.  3b).  This  in¬ 
crease  in  AChE-R  immunoreactivity  was  attributed  to 
the  trauma  associated  with  surgical  implantation  of  the 
cannula  and  was  mostly  suppressed  by  AS3  (P<0.01; 
Fig.  3b).  Immunolabeling  with  monoclonal  antibodies 
targeted  at  the  core  domain  failed  to  show  suppression  of 
immunoreactive  protein  by  AS3  (data  not  shown).  As 
these  latter  antibodies  recognize  both  AChE-S  and 
AChE-R,  this  analysis  was  consistent  with  the  selectivity 
of  AS3  effects  on  AChE-R  mRNA.  AS3-treated  mice 
functioned  well  in  behavioral  tests  of  social  recognition 
that  are  dependent  on  cholinergic  function  (data  not 
shown),  attesting  to  the  integrity  of  normal  cholinergic 
neurotransmission.  Thus,  the  accumulation  of  AChE-R 
mRNA  induced  by  even  “mild”  head  injury  appeared  to 
be  translated  into  elevated  AChE-R  protein  levels.  More¬ 
over,  AS 3  blocked  accumulation  of  both  AChE-R 
mRNA  and  protein  following  trauma  without  promoting 
deleterious  cognitive  side  effects  in  nonimpaired  ani¬ 
mals. 

Regulated  neurite  outgrowth  is  likely  an  important 
component  in  short-term  recovery  from  brain  injury  [17], 
but  excessive  neuronal  sprouting  following  injury  might 
be  harmful  and  could  promote  posttraumatic  epilepsy 
[18].  Since  recent  evidence  attributes  noncatalytic,  neu¬ 
rite  growth  promoting  activities  to  AChE  [19],  we  con- 
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Fig.  3A,B  AS3  suppresses  trauma-induced  overproduction  of  im¬ 
munoreactive  AChE-R  protein.  A  Selective  immunodetection  of 
the  AChE-R  protein.  To  selectively  label  the  AChE-R  variant,  rab¬ 
bits  were  immunized  with  a  recombinant  fusion  protein  of  gluta¬ 
thione  transferase  ( GST)  with  the  26  amino  acid  C-terminal  pep¬ 
tide  unique  to  AChE-R  (ARP).  The  resultant  antiserum,  affinity 
purified  to  remove  anti-GST  antibodies,  selectively  labeled  re¬ 
combinant  (r)  AChE-R  produced  in  transfected  Cos  cells 
(66-67  Kd)  and  an  apparent  AChE-R  degradation  product  (approx. 
30  #d),  but  not  purified  r AChE-S  (Sigma,  St.  Louis,  Mo.,  USA)  in 
immunoblot  analysis.  B  AS3  suppresses  AChE-R  labeling.  Corti¬ 
cal  homogenates  from  AChE  transgenic  mice  injected  icv  with  ei¬ 
ther  AS3  or  ASB  on  two  consecutive  days  were  subjected  to  sodi¬ 
um  dodecyl  sulfate  polyacrylamide  gel  electrophoresis  on  a 
4—20%  reducing  gel  and  probed  with  anti-ARP  antiserum.  Shown 
are  the  corresponding  chemiluminescence-labeled  lanes  as  insets 
within  a  bar  graph  representing  the  summation  of  densitometric 
analyses  of  the  six  most  prominent  bands  in  each  lane.  Inset  in 
right-hand  comer  illustrates  the  position  of  the  cannula.  Columns 
represent  mean±SEM  for  homogenates  from  six  AS3-  and  four 
ASB-treated  mice,  respectively.  A  single  representative  control, 
untreated,  nonoperated  animal  is  shown  (naive) 
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Fig.  4A-C  Antisense  treatment  suppresses  AChE-R  mRNA  and 
neurite  growth  and  promotes  neuron  survival  following  head  trau¬ 
ma.  A  Low  magnification  image  of  whole  brain  sections  from 
head-injured  FVB/N  mice  subjected  to  in  situ  hybridization  as  in 
Fig.  1  A.  Note  that  AChE-R  mRNA  is  intensively  expressed  in  the 
injured  hemisphere  (left),  especially  in  the  cortex,  close  to  the  site 
of  injury  (arrows).  AS3  significantly  suppressed  AChE-R  mRNA 
accumulation  in  both  hemispheres.  B  Golgi  staining  was  per¬ 
formed  on  brain  sections  from  FVB/N  or  transgenic  (Tg)  mice 
subjected  to  CHI  and  injected  intracerebroventricularly  with  either 
PBS  or  AS3.  Shown  are  representative  high  magnification 
(xlOOO)  images  from  layer  IV  of  somatosensory  cortex  on  the  in¬ 
jured  hemisphere  14  days  following  head  injury.  Note  that  AS3 
treatment  notably  reduced  the  density  of  stained  neurites  in  both 
FVB/N  and  transgenic  mice.  C  Golgi  staining  performed  on  brain 
sections  depicted  in  B  was  semiquantified  in  sections  from  unin¬ 
jured  (sham)  FVB/N  or  AChE  transgenic  (Tg)  mice  and  from  mice 
untreated  (CHI)  or  treated  with  AS3  (CHI+AS3)  following  closed 
head  injury.  Presented  are  pseudocolor  representations  of  cortical 
sections  in  which  stained  neurites  appear  red.  Note  the  intense 
Golgi  staining,  representing  high  neurite  density  in  cortex  from 
the  injured  hemisphere  of  FVB/N  mice  and  the  higher  intensity  in 
transgenic  mice.  Red  signal  was  significantly  reduced  in  both 
FVB/N  and  Tg  mice  treated  with  AS3 
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Fig.  5  Live  and  dead  neurons  in  the  CA3  hippocampal  region 
were  counted  in  two  consecutive  sections  from  four  control  and 
four  transgenic  mice  14  days  following  closed  head  injury  with  or 
without  antisense  treatment.  Overt  neuronal  cell  death  was  identi¬ 
fied  by  the  presence  of  pyknotic  black  cell  bodies.  For  each  mouse 
150-200  cells  were  counted.  Columns  represent  the  percentage  of 
live  neurons  counted  for  individual  mice.  Note  the  dramatic  bilat¬ 
eral  neuron  loss  suffered  by  transgenic  as  compared  with  FVB/N 
mice  and  the  minimal  neuron  loss  observed  among  antisense-treat- 
ed  animals 


sidered  the  possibility  that  overexpressed  AChE-R 
and/or  its  degradation  products  promote  a  phase  of  neu¬ 
rite  outgrowth  following  CHI.  To  assess  neuritic  growth 
we  performed  quantitative  image  analysis  on  100- 
200  pm2  somatosensory  cortical  fields  in  Golgi-stained 
brain  sections  from  mice  14  days  posttrauma  and 
searched  for  a  correlation  between  neurite  outgrowth  and 
elevated  AChE-R  mRNA  levels.  Following  head  injury, 
pronounced  increases  in  AChE-R  mRNA  labeling  were 
colocalized  with  sites  of  intensified  Golgi  staining,  espe¬ 
cially  in  the  somatosensory  cortex  around  the  site  of  in¬ 
jury,  and  particularly  in  transgenic  mice  (Fig.  4).  AS3 
significantly  attenuated  this  increased  staining  in  both 
FVB/N  and  transgenic  mice,  suggesting  a  correlation  be¬ 
tween  AChE  mRNA  overproduction  and  induced  neurite 
growth. 

Excessive  reinnervation  following  injury  could  sub¬ 
ject  hippocampal  cells  in  the  traumatized  brain  to  hyper¬ 
excitation  and  glutamate  toxicity.  Indeed,  hippocampal 
neurons,  especially  in  the  CA3  domain,  are  highly  sus¬ 
ceptible  to  cell  death  following  brain  injury  [15,  20,  21]. 
Fourteen  days  following  head  injury  we  observed  up  to 
50%  loss  of  CA3  neurons  in  the  contused  hemisphere  of 
FVB/N  mice.  In  striking  contrast,  transgenic  mice  dis¬ 
played  up  to  90%  neuron  death  in  CA3  of  both  hemi- 
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Fig.  6  Antisense  treatment  rescues  survival  and  neurological  re¬ 
covery  of  injured  mice.  Survival  and  neurological  recovery  of 
FVB/N  and  AChE  transgenic  mice  were  monitored  following 
CHI.  One  hour  following  trauma  a  neurological  evaluation  of  the 
mice  was  taken  using  a  graded  balancing  task  of  2-  and  3-cm-wide 
beam  crossing.  Recovery  was  monitored  at  various  time  points 
posttrauma  for  each  mouse.  Presented  are  percentages  of  surviving 
mice  (top)  and  average  percentage  successes  for  surviving  mice  in 
the  beam  task  (bottom)  on  the  noted  days  following  trauma.  Note 
the  high  mortality  and  slow  recovery  of  transgenic  mice  compared 
to  controls  and  the  improved  outcome  following  a  single  AS3 
treatment.  Starting  w-20-24  mice  per  group 


spheres.  Thus,  overproduction  of  transgenic  AChE  ap¬ 
pears  to  prime  hippocampal  neurons  in  CA3  for  prema¬ 
ture  death  following  trauma.  AS 3  treatment  afforded  dra¬ 
matic  protection  of  hippocampal  neurons  in  both  control 
and  transgenic  animals  subjected  to  CHI  (Fig.  5). 

The  excessive  loss  of  hippocampal  neurons  in  brains 
of  traumatized  transgenic  mice  suggested  that  this  strain 
would  display  a  genetic  vulnerability  to  CHI  as  com¬ 
pared  to  die  parental  FVB/N  line.  Indeed,  young  adult 
transgenic  mice  were  considerably  more  vulnerable  to 
unilateral  CHI  than  age  and  sex-matched  controls.  Only 
12  of  24  transgenics,  as  compared  with  18  out  of 
20  FVB/N  mice  survived  the  first  10  days  postinjury 
(Fig.  6).  The  90%  survival  rate  among  FVB/N  mice  was 
similar  to  that  displayed  by  other  mouse  strains  subject¬ 
ed  to  this  trauma  protocol  [15].  No  further  mortality  was 
observed  for  the  duration  of  the  30-day  follow-up  period. 
As  overexpression  of  AChE  was  correlated  with  en¬ 
hanced  neurite  outgrowth,  the  high  mortality  of  AChE 
transgenic  mice  following  CHI  strengthens  the  idea  that 


hyperinnervation  may  cause  acute  toxic  effects  during  a 
phase  of  recovery  lasting  from  24  h  up  to  1  week  post¬ 
trauma.  Consistent  with  this  conclusion,  AS3  treatment 
retrieved  the  survival  rate  of  AChE  transgenics  to  80%, 
comparable  to  that  of  FVB/N  mice  (Fig.  6). 

Increased  neuronal  vulnerability  to  trauma  implied 
that  surviving  transgenic  mice  would  present  impaired 
neurological  recovery.  To  monitor  neurological  recovery 
we  used  a  beam  test,  in  which  the  percentage  of  mice 
that  are  capable  of  crossing  2-  and  3-cm-wide  beams  is 
recorded.  Success  in  this  test  is  indicative  of  balanced 
and  coordinated  movement  [15].  Although  uninjured 
transgenic  mice  display  some  neuromotor  impairments  at 
the  age  of  4  months  [22],  transgenic  and  control  mice 
scored  very  similarly  1  h  postinjury  (7  and  11%,  respec¬ 
tively),  indicating  similar  severity  of  trauma.  Spontane¬ 
ous  recovery  of  transgenic  survivors  lagged  significantly 
behind  that  of  control  mice  throughout  the  30  day  fol¬ 
low-up  period,  especially  during  the  first  10  days  (Fig.  6 
and  data  not  shown).  However,  single  dose  AS 3  treat¬ 
ment  rapidly  improved  the  performance  of  transgenic 
mice,  to  that  of  controls.  Starting  7  days  postinjury,  AS3- 
treated  FVB/N  and  transgenics  both  displayed  improved 
performance  as  compared  to  untreated  mice,  both  reach¬ 
ing  ca.  80%  of  success,  in  comparison  to  50%  in  the  un¬ 
treated  groups  (Fig.  6). 


Discussion 

We  observed  strong  and  persistent  bilateral  elevation  in 
AChE-R  mRNA  levels  and  dramatic  bilateral  loss  of  hip¬ 
pocampal  CA3  neurons  in  brains  from  AChE  transgenic 
mice  subjected  to  CHI.  In  comparison,  trauma-induced 
overexpression  of  AChE-R  and  hippocampal  cell  loss  in 
control  FVB/N  mice  were  primarily  observed  in  the  in¬ 
jured  as  opposed  to  contralateral  hemispheres.  Therefore, 
increased  mortality  among  head-injured  AChE  transgen¬ 
ic  mice  and  retarded  neurological  recovery  of  transgenic 
survivors  associate  robust,  bilateral  overexpression  of 
AChE-R  with  poor  prognosis  following  traumatic  head 
injury.  Despite  progressive  late-onset  cognitive  deficits, 
transgenic  mice  function  normally  until  about  2  months 
of  age  [23],  This  observation  attests  to  the  existence  of 
compensatory  mechanisms  designed  to  overcome  acetyl¬ 
choline  deficits  imposed  by  overexpressed  AChE  ([24] 
and  unpublished  data).  Since  AChE-R  expression  is  ele¬ 
vated  by  acute  cholinergic  stimulation  [25],  the  pro¬ 
nounced  bilateral  overexpression  of  AChE-R  in  injured 
transgenic  mice  may  therefore  reflect  heightened  cholin¬ 
ergic  activation  in  the  noninjured  hemisphere  of  these 
mice.  As  neurite  growth  is  notably  associated  with  in¬ 
creases  in  AChE  activity  (reviewed  under  [26]),  it  is  un¬ 
derstandable  how  antisense  oligonucleotides  blocking 
the  initial  postinjury  accumulation  of  AChE-R  could 
spare  hippocampal  neurons  and  minimize  the  morbidity 
of  transgenic  mice  following  CHI  by  reducing  excessive 
neurite  outgrowth.  Prevention  of  this  cascade  of  events 
also  explains  how  a  single,  timely,  and  effective  dose  of 
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AS -ODN  could  provide  long-lasting  protection  to  the  in¬ 
jured  brain. 

Head  trauma  patients  may  suffer  delayed  neurological 
deficits,  including  increased  risk  for  Alzheimer’s  dis¬ 
ease.  The  noncatalytic  capacity  of  the  AChE  protein  to 
induce  [3-amyloid  aggregation  [27]  may  be  associated 
with  this  risk.  The  long-term  neurological  protection  af¬ 
forded  by  AS  3  treatment  thus  remains  to  be  tested  in  ad¬ 
ditional  animal  models,  for  example,  mice  that  develop 
[3-amyloid  plaques  [28],  Nevertheless,  our  findings  pro¬ 
vide  the  first  experimental  basis  for  the  application  of 
antisense  technology  to  acute  gene-oriented  intervention 
in  emergency  medicine.  In  this  light,  AChE-R  mRNA 
emerges  as  an  appropriate  target  for  such  intervention 
where  severe  trauma  to  the  nervous  system  is  involved. 
Under  psychological  stress,  AChE-R  mRNA  accumula¬ 
tion  is  preceded  by  an  induction  of  c-fos  [7].  Recently, 
Morrow  and  coworkers  reported  the  use  of  AS-ODNs 
targeted  towards  c-fos  mRNA  to  suppress  central  stress 
responses  [29].  The  higher  ODN  doses  used  in  that  study 
could  reflect  limited  diffusion  from  the  intracortical  site 
of  injection  that  was  employed. 

The  increase  in  AChE-R  and  the  accumulation  of  its 
degradation  products  in  noninjured,  cannulated  transgen¬ 
ic  mice  most  likely  reflect  surgery-related  stress.  Follow¬ 
ing  two  daily  intracerebroventricular  injections  of  25  ng 
AS3,  AChE-R  immunolabeling  was  decreased  to  levels 
similar  to  those  in  the  naive  brain  and  significantly  lower 
than  that  in  brains  of  cannulated  mice  injected  with  the 
irrelevant  ODN  ASB.  This  experiment  therefore  pro¬ 
vides  a  tentative  time  frame  (48  h  or  less)  for  the  AS3  ef¬ 
fects,  and  demonstrates  the  potency  of  this  ODN  in 
blocking  accumulation  of  AChE-R  protein.  In  this  con¬ 
text,  it  is  important  to  note  that  AChE-R  mRNA  includes 
a  1094  basepair  3'  untranslated  region  (UTR)  with  high 
(66%)  G,  C  content  whereas  AChE-S  mRNA  includes  a 
considerably  shorter,  219  basepair  UTR.  A  long  UTR 
predicts  AChE-R  mRNA  to  be  more  vulnerable  to  cellu¬ 
lar  nucleolytic  degradation  than  AChE-S  mRNA,  consis¬ 
tent  with  the  observation  that  AChE-R,  but  not  AChE-S, 
mRNA  is  rapidly  degraded  in  PC  12  cells  treated  with  ac- 
tinomycin  D  [30].  The  inherent  instability  of  AChE-R 
mRNA  could  explain  the  preferential  suppression  of 
AChE-R  over  AChE-S  mRNA  by  AS3  and  AS1  [16], 
both  of  which  target  exon  2,  common  to  all  three  alterna¬ 
tive  AChE  mRNA  splicing  variants  [31]. 

The  AChE  transcriptional  response  to  stress  involves 
modulation  of  the  regular  splicing  pattern.  It  is  not  yet 
known  whether  the  shift  towards  3'  unspliced  read- 
through  AChE  mRNA  represents  an  active  or  passive 
process.  However,  stress-induced  changes  in  alternative 
splicing  have  also  been  described  for  potassium  chan¬ 
nels,  where  stress  hormones  favor  the  splice  variant  en¬ 
coding  a  channel  subtype  conferring  repetitive  firing 
characteristics  [32].  Similarly,  optic  nerve  injury  induces 
altered  splicing  of  the  retinal  NMDAR1  (NR1)  receptor 
mRNA  [33].  That  active  changes  in  cellular  splicing  ma¬ 
chinery  take  place  following  stress  is  indicated  by  evi¬ 
dence  for  hypoxia-induced  production  of  the  YT521 


splicing-related  protein  [34]  and  heat  shock-induced 
splicing  arrest  [35].  Further  studies  are  required  to  deter¬ 
mine  the  mechanism(s)  regulating  stress-related  changes 
in  AChE  mRNA  splicing. 

Following  either  stress  or  head  injury,  the  subcellular 
distribution  of  AChE-R  mRNA  is  altered,  appearing 
also  in  the  proximal  domain  of  dendrites.  The  somato¬ 
dendritic  localization  of  this  mRNA  is  not  suppressed 
by  AS3  and  hence  does  not  depend  on  mRNA  content. 
Dendritic  targeting  of  mRNAs  encoding  brain-derived 
neurotropic  factor  and  TrkB  has  been  reported  in  hippo¬ 
campal  neurons  following  activation  of  glutamate  recep¬ 
tors  [36].  These  studies  indicate  the  existence  of  neuro¬ 
nal  activity  dependent  mechanisms  for  the  subcellular 
distribution  of  neuronal  mRNAs  and  suggest  an  associa¬ 
tion  between  mRNA  redistribution  and  synaptic  plastici¬ 
ty.  The  dendritic  localization  of  AChE  mRNA  strength¬ 
ens  the  notion  that  AChE  contributes  directly  towards 
neurite  growth  in  vivo,  and  suggests  a  role  for  this  pro¬ 
tein  in  dendrite  abnormalities  characteristic  of  the  cog¬ 
nitively  impaired  AChE  transgenic  mice  [11]  and  aged 
humans  [8]. 

The  prominent  protection  of  hippocampal  neurons,  as 
well  as  improved  rate  of  recovery  with  respect  to  re¬ 
gained  neuromotor  functions  in  head-injured  AS 3 -treat¬ 
ed  FVB/N  and  transgenic  mice,  demonstrates  the  value 
of  suppressing  AChE-R  levels  for  long-term  recovery  in 
terms  of  neurological  functioning,  and  attributes  pro¬ 
found  implications  for  the  potential  application  of  anti- 
sense  therapeutics  to  a  clinical  setting.  That  AChE-R 
mRNA  accumulates  under  psychological  [7],  chemical 
[8],  and  physical  (this  report)  stressors  suggests  that  this 
transcript  represents  a  general  nervous  system  stress-re¬ 
sponse  element.  In  view  of  our  current  findings,  the 
grave  consequences  of  AChE-R  accumulation  in  the 
mammalian  brain  may  extend  to  a  wide  range  of  mala¬ 
dies,  including  not  only  Alzheimer’s  disease  but  also 
poststroke  depression  [37],  multiple  sclerosis  and  amyo¬ 
trophic  lateral  sclerosis.  Moreover,  our  findings  indicate 
a  potentially  increased  risk  for  CHI  victims  with  preinju¬ 
ry  overexpression  of  brain  AChE  (for  example,  posttrau- 
matic  stress  patients). 

The  side  effects  of  repetitive  administration  of 
AS-ODNs  in  the  nervous  system  have  not  been  thor¬ 
oughly  studied,  but  are  not  expected  to  be  severe  [12,  13, 
14].  Indeed,  the  recent  United  States  Food  and  Drug 
Administration  approval  of  the  first  antisense  drug 
(Fomivirisen,  ISIS)  for  treating  a  viral  infection  of  the 
eye  marks  a  milestone  in  the  long-awaited  transition  of 
this  intriguing  technology  from  the  research  laboratory 
to  the  clinic.  However,  there  are  outstanding  challenges 
in  antisense  therapeutics.  Our  current  work  addresses  the 
potential  to  substantially  reduce  the  dose  and  toxicity  of 
antisense  drugs,  and  demonstrates  successful  application 
of  antisense  technology  to  a  cellular,  rather  than  viral  or 
oncogenic  target.  Moreover,  they  raise  the  possibility 
that  exploiting  injury-associated  breaches  of  the  blood- 
brain  barrier  [15,  38]  to  deliver  antisense  drugs  into  the 
brain  could  place  the  trauma  model  in  a  unique  position 


to  advance  the  goal  of  clinical  antisense  therapeutics  for 
the  nervous  system. 
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Abstract 

The  acetylcholine-hydrolyzing  enzyme,  acetylcholi¬ 
nesterase,  is  the  molecular  target  of  approved  drugs  for 
Alzhiemer's  disease  and  myasthenia  gravis.  However, 
recent  data  implicate  AChE  splicing  variants  in  the  etiol¬ 
ogy  of  complex  diseases  such  as  AD  and  MG.  Despite  the 
large  arsenal  of  anti-AChE  drugs,  therapeutic  inhibitors 
are  primarily  targeted  towards  an  active  site  shared  by  all 
variants.  In  contrast,  anti-sense  oligonucleotides  attack 
unique  mRNA  sequences  rather  than  tertiary  protein 
structures.  AS-ODNs  thus  offer  a  means  to  target  gene 
expression  in  a  highly  discriminative  manner  using  very 
low  concentrations  of  drug.  In  light  of  the  likely  role(s)  of 
specific  AChE  variants  in  various  diseases  affecting 
cholinergic  neurotransmission,  the  potential  contribution 
that  anti-sense  technology  can  make  towards  improved 
approaches  to  anti-AChE  therapeutics  deserves  serious 
attention. 

IMAJ 2000;2( Suppl):81~S5 

The  high  specificity  of  anti-sense  oli¬ 
gonucleotides 

Anti-sense  oligonucleotides  are  short  synthetic  DNA 
chains,  usually  15-25  nucleotides  long,  that  have  been 
designed  to  hybridize  with  a  target  messenger  RNA 
according  to  the  rules  of  Watson-Crick  base-pairing  [1,2]. 
The  cellular  uptake  of  oligonucleotides  is  not  well  under¬ 
stood.  However,  once  inside  the  cell,  the  AS-ODN  finds 
its  complementary  mRNA  and  forms  an  RNA-ODN  du¬ 
plex.  The  action  of  RNAseH  upon  the  nascent  hybrid 
results  in  AS-ODN-mediated  destruction  of  the  target 
RNA.  To  protect  AS-ODNs  from  nucleolytic  degradation, 
chemically  modified  analogs  have  been  developed  that 
display  both  prolonged  and  enhanced  anti-sense  effects. 
Common  modifications  include  substitution  of  a  non¬ 
bridging  oxygen  in  the  phosphodiester  backbone  with 
sulfur  (phosphorothioate  modification),  and  replacement  of 
the  5'  and/or  3'  terminal  bases  of  the  ODN  with  2'-0- 
methyl  ribonucleotides.  Since  each  of  these  modifications 


AChE  =  acetylcholinesterase' 

AD  =  Alzheimer's  disease 
MG  =  myasthenia  gravis.. 

AS-ODNs  =  anti-sense  oligonucleotides 


has  its  own  unique  advantages  and  disadvantages,  it  is 
becoming  accepted  to  combine  variably  modified  nucleo¬ 
tides  into  what  are  known  as  mixed-base  oligonucleotides. 
AS-ODNs  have  been  used  to  study  a  variety  of  medically 
relevant  nervous  system  proteins,  including  ion  channels, 
neurotransmitter  receptors,  neuropeptides  and  enzymes 
[Table  1].  Indeed,  remarkable  success  has  been  reported 
using  anti-sense  technology  to  dissect  the  roles  of  closely 
related  and  pharmacologically  indistinguishable  proteins  in 
the  central  nervous  system  [3]. 

Current  anticholinesterase 
pharmacology 

Acetylcholinesterase  is  responsible  for  the  control  of 
neurotransmission  at  cholinergic  synapses  and  neuromus¬ 
cular  junctions  by  hydrolyzing  acetylcholine.  Rapid  hy¬ 
drolysis  of  ACh  removes  excess  neurotransmitter  from 
the  synapse,  preventing  overstimulation  and  tetanic 
excitation  of  the  postsynaptic  cell.  For  this  reason,  AChE 
is  the  target  protein  of  pesticides  and  chemical  warfare 


Table  1.  Examples  of  nervous  system  proteins  studied  using 
anti-sense  oligonucleotides 


Potassium  channels 

N.  Meiri,  et  al.,  Proc  Natl  Acad  Sci  USA 
1997;94:4430-4 

N.  Meiri,  et  al.,  Proc  Natl  Acad  Sci  USA 
1998;95:15037-42 

Dopamine  receptors 

J.M.  Tepper,  et  at,  J  Neurosci 
1997;17:2519-30. 

cAMP  response 

S.B.  Lane  Ladd,  et  at,  J  Neurosci 

element-binding 

1997;17:7890-901 

protein  (CREB) 

R.  Lamprecht,  et  a!.,  J  Neurosci 
1997;17:8443-50. 

Neuropeptide  Y; 

P.S.  Kalra,  et  al.,  Methods  Enzymol 

galanin 

2000:314:184-200 

Opioid  receptors 

G.W.  Pasternak,  Y  X.  Pan,  Methods 
Enzymol  2000;2314:51-60 

P.  Sanchez-Blazquez,  et  al.,  Antisense 
Nucleic  Acid  Drug  Dev  1999;9:253-60 

Neuronal  nitrous  oxide 

Y.A.  Kolesnikov,  et  al.,  Proc  Natl  Acad 

synthetase  (nNOS) 

Sci  USA  1997;94:8220-5 

Cyclic  nucleotide 
phosphodiesterases 
(PDE) 

P.M.  Epstein,  Methods  1998;14:21-33 
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agents  [4,5].  At  the  same  time,  controlled  use  of  AChE 
inhibitors  plays  a  leading  role  in  therapeutic  strategies 
designed  to  enhance  the  cholinergic  system.  The  rationale 
behind  the  clinical  use  of  anticholinesterases  is  that  AChE 
blockade  extends  the  half-life  of  released  ACh,  thereby 
enhancing  postsynaptic  signals  in  patients  with  compro¬ 
mised  cholinergic  function.  Indeed,  the  extensive  use  of 
anticholinesterase  therapies  highlights  their  clinical  value. 
Nevertheless,  accumulated  experience  attests  to  the 
limited  extent  and  duration  of  clinical  effects  achieved 
with  pharmacological  AChE  inhibitors.  Recent  advances  in 
molecular  and  cellular  biology  suggest  several  explana¬ 
tions  to  account  for  limitations  of  classic  anticholi¬ 
nesterase  therapeutics  and  suggest  a  novel  genome-based 
approach. 

Specificity  in  anticholinesterase 
pharmaceuticals 

A  primary  challenge  confronting  anticholinesterase  phar¬ 
macology  is  to  overcome  the  structural  and  functional 
homology  between  AChE  and  butyiylchol inesterase,  also 
known  as  "serum  cholinesterase"  [6,7].  AChE  and  BChE 
are  carboxylesterase  type  B  serine  hydrolases  with  52% 
identity  [8].  Both  enzymes  degrade  acetylcholine.  How¬ 
ever,  AChE  is  very  specific  in  its  substrate  recognition, 
while  BChE  recognizes  a  broad  range  of  substrates.  For 
this  reason,  it  has  been  suggested  that  circulating  plasma 
BChE  serves  a  scavenging  function,  protecting  AChE 
from  naturally  occurring  inhibitors.  At  the  same  time, 
however,  BChE  will  also  scavenge  anticholinesterase 
drugs,  elevating  the  dose  necessary  to  achieve  inhibition 
at  the  target  organ.  To  complicate  the  issue,  the  large 
number  of  polymorphic  BChE  variants  with  differing 
affinities  for  inhibitors  was  predicted  to  confer  inheritable 
variations  in  the  sensitivity  of  individuals  to  anti-AChE 
drugs  and  poisons  [9].  The  AChE/BChE  specificity  prob¬ 
lem  has  been  partially  overcome  with  the  development  of 
AChE  inhibitors,  demonstrating  up  to  1,000-fold  prefer¬ 
ence  for  AChE  [10].  Nevertheless,  the  minimal  homology 
displayed  by  AChE  and  BChE  at  the  level  of  the  gene 
makes  these  sequences  completely  non-overlapping 
targets  for  an  anti-sense-based  drug. 

AChE  variants 

A  new  dimension  to  the  question  of  specificity  with  regard 
to  AChE  inhibitors  emerged  as  molecular  cloning  revealed 
that  alternative  splicing  gives  rise  to  three  distinct  AChE 
isoforms  [11,12].  The  presumed  target  of  all  anticholi¬ 
nesterase  therapeutics  is  the  “synaptic’'  AChE-S  isoform 
with  its  unique  40  amino  acid,  amphiphilic,  C-terminal 
peptide.  A  second,  erythrocyte-bound  form,  AChE-E,  is 
presumed  to  participate  with  BChE  in  scavenging  blood- 
borne  inhibitors,  including  drugs  of  abuse  [13].  Until 
recently,  AChE-S  and  AChE-E  were  considered  the 
primary  factors  in  the  development  of  anticholinesterase 
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drugs.  Recently,  the  rare  “readthrough  ”  AChE-R  isoform 
was  discovered  to  undergo  dramatic  upregulation  under 
some  conditions,  including  acute  psychological  stress, 
closed  head  injury,  and  exposure  to  AChE  inhibitors 
[14,15].  This  finding  suggested  that  AChE-R  plays  a  role 
in  the  body's  response  to  stress  [16,17].  In  addition,  it 
raised  the  possibility  that  the  balance  between  AChE-R 
and  AChE-S  carries  important  implications  for  health  and 
disease.  These  studies  therefore  challenge  us  to  develop 
inhibitors  that  selectively  target  specific  AChE  variants. 
However,  the  differences  in  the  affinities  of  inhibitors  for 
AChE-S  and  AChE-R  are  small  (Salmon  et  ah,  submitted), 
suggesting  an  anti-sense  approach  to  the  problem  of 
isoform-specific  inhibition  of  AChE. 

Transgenic  models  of  AChE  over¬ 
expression 

The  discovery  that  traumatic  insults  and  AChE  inhibitors 
elicit  feedback  over-expression  of  AChE-R  highlights  the 
complexity  of  anticholinesterase  therapeutics  on  the  one 
hand,  and  the  need  to  understand  the  physiological  role  of 
AChE-R  on  the  other.  To  examine  these  issues,  we 
produced  transgenic  mice  over-expressing  various  AChE 
isoforms.  Mice  over-expressing  AChE-S  in  CNS  neurons 
displayed  an  age-dependent  tendency  for  increased  AChE- 
R  that  was  associated  with  neuromotor  and  cognitive 
impairments  that  presented  features  of  human  neurologi¬ 
cal  diseases  [18-20].  In  contrast,  transgenic  mice  over¬ 
expressing  AChE-R  from  birth  were  relatively  free  of  age- 
dependent  markers  of  neuronal  stress  [21].  These  studies 
indicate  that  the  long-term  balance  between  AChE-S  and 
AChE-R  may  be  a  critical  element  mediating  outcomes  of 
AChE  responses. 

Avoiding  feedback 

Electrophysiological  recordings  in  hippocampal  brain  slices 
indicated  that  overproduction  of  AChE-R  is  initiated  by  the 
acute  cholinergic  stimulation  resulting  from  abrupt  pharma¬ 
cological  blockade  of  AChE  [14].  Moreover,  novel  polymor¬ 
phisms  in  the  upstream  promoter  region  of  the  human 
ACHE  gene  locus  encoding  AChE  have  been  associated 
with  acute  hypersensitivity  to  anticholinesterase  drugs 
[22].  Anti-sense  technology  offers  two  solutions  to  this 
problem.  First,  the  relative  instability  of  AChE-R  vs.  AChE- 
S  mRNA  [23]  suggests  that  AS-ODNs  could  be  aimed 
primarily  at  AChE-R,  leaving  AChE-S  and  cholinergic 
neurotransmission  intact.  Moreover,  by  blocking  produc¬ 
tion  of  new  AChE  rather  than  neutralizing  existing  AChE, 
anti-sense  suppression  of  enzyme  activity  occurs  more 
slowly  than  that  of  conventional  drugs.  Gradual  inhibition 
allows  the  target  tissue  to  adapt  to  graded  increases  in  ACh 
concentrations.  Finally,  thanks  to  the  anti-mRNA  nature  of 
anti-sense  blockade,  oligonucleotide  doses  can  be  tailored 
to  suppress  de  novo  expression  of  the  ACHE  gene  (N. 
Galyam  and  H.  Soreq,  unpublished  data). 
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Non-catalytic  activities  of  ACHE 

In  addition  to  its  long-recognized  role  in  hydrolyzing 
acetylcholine,  AChE  exerts  profound  effects  on  neurite 
outgrowth  and  cell  adhesion  [7,24].  These  activities  were 
proven  to  be  independent  of  ACh  hydrolysis  [25]  and  were 
tentatively  attributed  to  homologies  between  ACHE  and 
cholinesterase-like  cell  adhesion  molecules  like  Droso¬ 
phila  neurotactin  and  mammalian  neuroligins  [26-28]. 
Non-catalytic  activities  of  AChE  have  been  tentatively 
mapped  to  the  peripheral  anionic  site,  but  were  not  yet 
shown  to  be  affected  by  conventional  anticholinesterase 
drugs.  Moreover,  since  damaging  effects  of  over¬ 
expressed  AChE-R  may  be  related  to  non-catalytic  activi¬ 
ties,  cholinesterase  inhibitors  may  actually  aggravate 
certain  conditions  by  elevating  the  levels  of  catalytically 
inactivated  AChE  via  the  feedback  loop.  Since  anti-sense 
technology  targets  production  of  the  protein,  rather  than 
the  activity  of  existing  enzyme,  AS-ODNs  offer  a  potential 
solution  to  this  problem  as  well. 

Anti-AChE  anti-sense  oligonucleotides 
-  where  do  we  stand? 

AS-ODNs  to  AChE  have  been  demonstrated  effective  in 
vitro  and  in  vivo,  especially  in  the  hematopoietic  system 
[29-31],  First-generation  anti-AChE  AS-ODNs  were 
prepared  in  unmodified  or  fully  phosphorothioated  forms 
[32]  and  then  in  partially  phosphorothioated  form.  Reduc¬ 
ing  the  phosphorothioate  content  minimized 'Cytotoxicity 
without  compromising  activity  [33].  Two  AChlvAS-ODNs, 
AS1  and  AS3  [23],  demonstrated  potent  inhibition  of 
AChE  in  rat  pheochromocytoma  PC12  cells  (up  to  50%)  at 
extremely  low  nanomolar  concentrations.  Substitution  of 
2'-0-methyl-modified  ribonucleotides  at  the  three  termi¬ 
nal  3’  positions  conferred  a  wide  effective  window  (0.02- 
200  nM;  N.  Galyam  and  H.  Soreq,  manuscript  in  prepara¬ 
tion)  and  became  the  routine  configuration  for  AS-ODN 
synthesis  in  our  laboratory.  In  osteosarcoma  Saos-2  cells, 
2  nM  AS-ODN  blocked  AChE  and  modified  proliferation, 
reinforcing  evidence  that  AChE  plays  a  role  in  mammalian 
osteogenesis  [34].  The  pronounced  effects  elicited  by 
such  low  concentrations  of  AS-ODN  predict  reduced  costs 
and  minimal  non-specific  side  effects  of  future  anti-sense 
therapies. 

Potential  applications 
Anticholinesterase  exposures 

The  association  between  AChE  inhibitors,  AChE  feed¬ 
back,  and  neuromuscular  impairments  [7,35]  suggests 
AChE  AS-ODNs  for  treating  anticholinesterase  intoxica¬ 
tion.  During  the  Persian  Gulf  War,  several  hundred  thou¬ 
sand  soldiers  received  the  carbamate  AChE  inhibitor 
pyridostigimine  to  protect  them  against  threatened 
chemical  warfare.  A  recent  Rand  Corporation  report 
-  (Document  no.  MR-1018/2-OSD)  prompted  the  U.S. 
Defense  Department  to  acknowledge  that  pyridostigmine 
cannot  be  ruled  out  as  a  possible  contributor  to  various 


unexplained  symptoms  experienced  by  Gulf  War  veterans, 
including  muscle  weakness  [36].  In  light  of  our  knowledge 
about  the  AChE  feedback  loop,  the  detrimental  effects  of 
over-expressed  AChE  on  muscle  [37],  and  the  fact  that  no 
clinical  protocol  has  been  implemented  to  treat  muscle 
weakness  among  Gulf  War  veterans,  we  suggest  that  this 
may  represent  an  appropriate  arena  in  which  to  test  the 
utility  of  anti-sense  therapy  for  neuromuscular  impair¬ 
ments.  The  regrettably  high  incidence  of  agricultural 
anticholinesterse  poisoning  incidents  in  Israel  alone 
(about  500  per  year)  suggests  another  potential  applica¬ 
tion  for  anti-AChE  ODN  drugs. 

Neuromuscular  disease 

Myasthenia  gravis  is  a  debilitating  neuromuscular  disease 
characterized  by  muscle  weakness  and  deterioration  of 
neuromotor  function  [38].  MG  results  from  autoimmune 
antibody-mediated  depletion  of  acetylcholine  receptors 
from  neuromusclular  junctions.  AChE  inhibitors  such  as 
Mestinon  -  a  commercial  formulation  of  pyridostigmine  - 
treat  the  symptoms  of  MG  but  do  not  slow  its  progres¬ 
sion.  [39].  Moreover,  the  pharmacological  effects  of  anti¬ 
cholinesterase  drugs  are  short-lasting,  and  relatively  high 
doses  of  these  medications  must  be  taken  up  to  six  times 
per  day  for  many  years.  It  has  even  been  suggested  that 
pyridostigmine  may  contribute  to  progressive  deteriora¬ 
tion  in  muscle  function  [40].  In  this  light,  it  is  not  surpris¬ 
ing  that  a  promising  AChE  inhibitor  for  Alzheimer's 
disease  was  withdrawn  from  clinical  trials  after  some 
patients  reported  muscle  weakness  (SCRIP  World  Phar¬ 
maceutical  News.  1998,  No.  2374.  P.  19).  We  demon¬ 
strated  that  the  AChE  feedback  loop  is  active  in  muscle, 
and  that  AS3  suppresses  inhibitor-induced  over¬ 
expression  of  AChE  in  mice  [37].  In  that  study,  80  pg/kg 
AS3  blocked  anticholinesterase-induced  accumulation  of 
catalytically  active  AChE  in  muscle  by  60%,  and  sup¬ 
pressed  the  accompanying  increase  in  motor  endplates. 
These  experiments  proved  that  AS-ODNs  can  suppress 
both  catalytic  and  morphogenic  activities  of  muscle  AChE 
in  vivo .  Tests  in  rats  with  experimental  autoimmune 
myasthenia  are  in  progress  (in  collaboration  with  T. 
Brenner). 

Head  trauma 

Closed  head  injury  is  a  major  cause  of  death  among  young 
adults  [41,42]  and  a  risk  factor  in  non-familial  Alzheimer's 
disease  [43].  Effective  treatment  should  therefore  con¬ 
sider  survival,  recovery,  and  prevention  of  delayed  neuro¬ 
logical  disorders.  We  observed  elevated  AChE-R  mRNA 
in  brains  of  mice  subjected  to  CHI  [14].  A  single  in- 
tracerebroventricular  administration  of  0.5  pg  ASS  within 
one  hour  of  injury  blocked  the  accumulation  of  i\ChE-R 
mRNA  and  the  excessive  dendritic  growth  accompanying 
it.  In  AChE  transgenic  mice,  anti-sense  treatment  reduced 
mortality,  facilitated  recovery  and  protected  CA3  hippo¬ 
campal  neurons.  These  findings  demonstrated  the  poten¬ 
tial  of  anti-sense  therapeutics  in  emergency  medicine  and 


IMAJ  •  Vol  2  •  July  2000  (Supplement) 


Genome-Based  Approach  to  Anticholinesterase  Drug  Development  83 


suggest  the  application  of  AChE  AS-ODN  to  protect 
against  the  long-term  consequences  of  traumatic  insults  to 
the  nervous  system. 

Neurodegenerative  disease 

Alzheimer’s  disease  is  a  debilitating  neurodegenerative 
disease  characterized  by  progressive  deterioration  of 
cognitive  faculties  including  learning,  memory,  problem 
solving  and  abstract  thinking.  The  cholinergic  theory  of 
AD  suggests  that  loss  of  cholinergic  neurons  leaves  a 
relative  deficit  of  acetylcholine  in  the  brain  regions  that 
mediate  learning  and  memory  [44].  The  only  approved 
drugs  for  AD  are  potent  AChE  inhibitors  [45].  Neverthe¬ 
less,  the  cognitive  improvement  afforded  by  conventional 
anticholinesterase  therapy  is  limited.  Moreover,  recent 
studies  suggest  that  AChE  plays  a  role  in  AD  that  goes 
beyond  the  cholinergic  theory  [46,47].  Indeed,  the  puta¬ 
tive  role  of  AChE  as  an  active  component  in  the  progress 
of  AD  may  explain  the  disappointing  performance  of  AChE 
inhibitors  in  providing  effective  long-term  improvement. 
Using  surgically  implanted  cannulae  to  deliver  nanomolar 
quantities  of  AS3  to  the  cerebrospinal  fluid  of  cognitively 
impaired  transgenic  mice,  we  are  testing  -the  effects  of 
anti-sense  therapy  on  performance  in  behavior  models 
such  as  social  exploration  and  spatial  navigation  (0.  Cohen 
et  al.,  Abstract  to  the  Israel  Society  of  Neuroscience, 
Eilat,  1999).  Nevertheless,  the  challenge  of  bringing  AS- 
ODN  technology  to  CNS  therapeutics  faces  yet  unre¬ 
solved  technical  limitations.  Among  the  most  difficult 
issues  to  resolve  is  the  poor  transport  of  oligonucleotides 
across  the  blood-brain-barrier  [2] 

Conclusions 

Advances  in  our  understanding  of  the  molecular  and  cellu¬ 
lar  mechanisms  of  action  of  AChE  allow  us  to  postulate 
mechanisms  explaining  the  limitations  of  conventional 
anticholinesterase  pharmacology.  These  limitations  are 
likely  based  on  non-catalytic  activities  of  AChE  isoforms 
and  a  feedback  loop  leading  to  over-expression  of  AChE 
following  acute  blockade  of  enzymatic  activity.  At  the  same 
time,  cloning  of  the  human  ACHE  gene  opened  the  door  to 
novel  strategies  to  suppress  AChE  biosynthesis  using  anti- 
sense  technology.  These  advances  in  basic  research  allow 
us  to  think  ahead  to  the  application  of  AS-ODN-based  drugs 
to  future  anticholinesterase  therapeutics. 
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Acute  stress  increases  the  risk  for  neurodegeneration,  but  the 
molecular  signals  regulating  the  shift  from  transient  stress  re¬ 
sponses  to  progressive  disease  are  not  yet  known.  The  "read- 
through"  variant  of  acetylcholinesterase  (AChE-R)  accumulates  in 
the  mammalian  brain  under  acute  stress.  Therefore,  markers  of 
neurodeterioration  were  examined  in  transgenic  mice  overex¬ 
pressing  either  AChE-R  or  the  "synaptic"  AChE  variant,  AChE-S. 
Several  observations  demonstrate  that  excess  AChE-R  attenuates, 
whereas  AChE-S  intensifies,  neurodeterioration.  In  the  somatosen¬ 
sory  cortex,  AChE-S  transgenics,  but  not  AChE-R  or  control  FVB/N 
mice,  displayed  a  high  density  of  curled  neuronal  processes  indic¬ 
ative  of  hyperexcitation.  In  the  hippocampus,  AChE-S  and  control 
mice,  but  not  AChE-R  transgenics,  presented  progressive  accumu¬ 
lation  of  clustered,  heat  shock  protein  70-immunopositive  neuro¬ 
nal  fragments  and  displayed  a  high  incidence  of  reactive  astro¬ 
cytes.  Our  findings  suggest  that  AChE-R  serves  as  a  modulator  that 
may  play  a  role  in  preventing  the  shift  from  transient,  acute  stress 
to  progressive  neurological  disease. 

Both  chronic  stress  and  acute  stress  promote  neuroanatomic 
changes  in  brains  of  evolutionarily  diverse  species,  including 
higher  vertebrates  and  humans  (1).  Some  of  these  changes  likely 
reflect  normal  physiological  adaptation  to  injury,  environmental 
challenge,  traumatic  experience,  or  even  standard  maintenance 
conditions  of  laboratory  animals  (2).  However,  stress  may  also 
precipitate  delayed  or  prolonged  neuropsychiatric  dysfunction, 
the  etiology  of  which  is  yet  poorly  defined.  For  example,  up  to 
30%  of  individuals  exposed  to  an  acute  traumatic  experience 
develop  posttraumatic  stress  disorder,  a  syndrome  characterized 
by  progressively  worsening  personality  disturbances  and  cogni¬ 
tive  impairments  (3).  The  cellular  and  molecular  factors  medi¬ 
ating  the  switch  between  physiological  accommodation  of  stress 
and  progressive  disease  are  unknown  but  likely  reflect  complex 
interactions  between  the  genetic  background  of  the  challenged 
individual  and  the  nature  of  the  stress  insult  (3-5).  The  accepted 
notion  is  that  physiological  stress  responses  are  beneficial  in  the 
short  run  but  detrimental  if  overactivated  or  prolonged  (6).  This 
concept  suggests  the  existence  of  stress  modulators  designed  to 
regulate  the  extent,  duration,  and  long-term  impact  of  acute 
stress  responses. 

We  recently  reported  massive  induction  of  a  unique  mRNA 
species  encoding  the  rare  “read-through”  variant  of  acetylcho¬ 
linesterase  (AChE-R)  in  brains  of  mice  subjected  to  forced 
swimming  stress  (7).  AChE-R  differs  from  the  dominant  “syn¬ 
aptic”  variant,  AChE-S,  in  the  composition  of  its  C-terminal 
sequence  (8).  Both  enzymes  effectively  hydrolyze  acetylcholine. 
However,  AChE-S  can  form  multimeric  complexes  and  associate 
with  membranes  through  interactions  with  structural  subunits, 
whereas  AChE-R  is  monomeric  and  soluble  (9).  In  hippocampal 
brain  slices,  induced  AChE-R  seemed  to  play  a  role  in  delimiting 
a  state  of  enhanced  neuronal  excitation  observed  after  acute 


cholinergic  stimulation  (7).  This  observation  suggested  that 
AChE-R  acts  as  a  stress  modulator  in  mammalian  brain. 

Transgenic  mice  ove rexpressing  human  AChE-S  in  central 
cholinergic  neurons  exhibited  progressive  impairments  in  learn¬ 
ing  and  memory,  diminished  dendritic  branching,  and  reduced 
numbers  of  spines  in  cortical  neurons  (10).  Similar  behavioral 
and  morphological  characteristics  were  reported  in  senile  de¬ 
mentia  (11),  a  murine  model  of  chronic  stress  (12),  and  delayed 
consequences  of  anticholinesterase  intoxication  (7). 

The  up-regulation  of  AChE-R  under  stress,  the  unique  bio¬ 
chemical  characteristics  of  AChE-R  compared  with  AChE-S, 
and  the  characteristics  of  neurodegenerative  disease  manifested 
in  AChE-S  transgenic  mice,  together  raised  the  question  of 
whether  AChE-R  is  involved  in  the  shift  from  acute  stress 
response  to  neurodegenerative  state.  To  study  this  issue,  we 
compared  two  lines  of  transgenic  mice  overexpressing  human 
AChE-R  (13)  with  AChE-S  transgenic  and  control  FVB/N  mice. 
We  hypothesized  that  if  AChE-R  promotes  neurodegeneration, 
transgenic  animals  with  chronic  overexpression  of  this  protein 
would  display  neuroanatomical  markers  of  neuronal  pathology 
even  when  confronted  only  with  the  mild  stresses  of  daily  life.  On 
the  other  hand,  if  AChE-R  works  against  the  slide  into  neuro¬ 
degeneration,  AChE-R  transgenics  should  display  markers  of 
neuroprotection.  Herein,  we  report  that  AChE-R  transgenic 
mice  are  indeed  relatively  free  of  some  neuronal  stress  correlates 
compared  with  controls,  whereas  AChE-S  transgenics  display 
accelerated,  age-dependent  accumulation  of  neuroanatomical 
features  indicative  of  neuronal  stress  responses.  This  study  points 
at  AChE-R  as  a  stress-induced  modulator  of  delayed  neural 
stress  response  processes  that  can  protect  the  mammalian  brain 
from  neurodegenerative  disease,  perhaps  by  preventing  AChE-S 
from  causing  such  deterioration. 

Methods 

Animals.  Mice  were  killed  by  cervical  dislocation,  and  tissues  were 
rapidly  excised  and  frozen.  Homogenates  were  prepared  in  nine 
volumes  of  0.01  M  Na-phosphate  buffer,  pH  7.4/1%  Triton 
X-100  (wt/wt),  incubated  on  ice  (1  h),  and  centrifuged  (at  14,000 
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rpm  for  45  min  in  an  Eppendorf  model  5417R  centrifuge); 
supernatants  were  then  collected. 

AChE  Activity  and  Protein  Concentration.  AChE  activity  and  protein 
concentration  determinations  were  performed  as  described  (13). 
Sucrose  gradient  centrifugation  was  performed  as  detailed  else¬ 
where  (14),  except  that  0.5%  Triton  X-100  was  used  as  detergent. 

Immunoblotting.  Immunoblot  analysis  was  performed  essentially 
as  detailed  (15).  Immunodetection  was  performed  with  pooled 
goat  anti-mouse  and  anti-human  AChE  antibodies  directed  at  an 
N-terminal  peptide  common  to  the  different  variants  (N-19  and 
E-19;  Santa  Cruz  Biotechnology).  Signals  were  quantified  with 
image-pro  software  (Media  Cybernetics,  Silver  Spring,  MD). 

Preparation  of  Antibodies  Directed  at  the  AChE  Read-Through  Peptide 
(ARP).  A  glutathione  5-transferase  (GST)-ARP  (GMQGPAGS- 
GWEEGSGSPPGVTPLFSP)  fusion  protein  was  expressed  in 
Escherichia  coli  and  purified  by  affinity  chromatography.  Female 
New  Zealand  rabbits  were  immunized  with  0.3  mg  of  ARP-GST 
in  Freund’s  complete  adjuvant  and  reimmunized  monthly  with 
0.2  mg  of  ARP-GST  in  Freund’s  incomplete  adjuvant.  Specific 
serum  antibodies  were  detected  by  ELISA  by  using  immobilized 
ARP-GST  with  excess  soluble  GST.  Crude  IgG  fraction  was 
prepared  by  (NFL^SCL  precipitation.  IgG  fractions  were  incu¬ 
bated  repeatedly  with  immobilized  GST  or  heat-shocked  E.  coli 
lysate  and  eluted  with  4.5  M  MgCL.  Unbound  fractions  were 
incubated  with  ARP-GST  beads,  eluted,  and  dialyzed. 

Preparation  of  Brain  Sections.  Mice  were  deeply  anesthetized  with 
Fluothane  (Zenaca,  Macclesfield  Cheshire,  U.K.)  and  transcar- 
dially  perfused  with  4%  (vol/vol)  paraformaldehyde.  Brains 
were  postfixed  in  4%  (vol/vol)  paraformaldehyde  (overnight, 
2-8°C)  and  incubated  in  15%  (vol/vol)  sucrose/0.1  M  PBS. 
Coronal  cryostat  sections  (30  jam)  were  floated  in  PBS  and  kept 
at  —  20°C  in  40%  (vol/vol)  ethylene  glycol/1  %  polyvinylpyrro- 
lidone/0.1  M  potassium  acetate  (pH  6.5)  until  staining. 

Immunohistochemistry.  Immunohistochemistry  was  performed  as 
described  (16).  Staining  was  with  extravidin-peroxidase  (Sigma) 
reacted  with  diaminobenzidine  and  nickel  ammonium  sulfate. 
Silver  impregnation  to  detect  degenerating  argyrophilic  neurons 
was  performed  by  using  kit  PK301  (FD  Neurotechnologies, 
Ellicott  City,  MD).  Antibody  dilutions  were  mouse  anti¬ 
neurofilament  200  (NFT200;  clone  N52,  Sigma;  1:200);  mouse 
anti-heat  shock  protein  70  (HSP70;  clone  BRM22,  Sigma;  1:125); 
mouse  anti-glial  fibrillary  acidic  protein  (GFAP;  clone  GA5, 
Sigma;  1:500);  mouse  anti-calbindin  D28K  (clone  CL-300, 
Sigma,  1:500);  mouse  anti-parvalbumin  (clone  P19,  Sigma 
1:500);  mouse  anti-human  erythrocyte  AChE  (Chemicon; 
1:500);  and  the  above  described  rabbit  anti-ARP  antiserum 
(1:100). 

Results 

AChE-R  and  AChE-S  Are  Moderately  Overexpressed  in  Brains  of 
Transgenic  Mice.  Catalytic  activity  measurements  showed  mod¬ 
erately  elevated  AChE  activity  in  cortex,  hippocampus,  and  basal 
nuclei  of  mice  from  two  independent  AChE-R  transgenic  lines 
(lines  45  and  70;  ref.  13)  and  a  single  line  of  AChE-S  transgenics 
(10),  as  compared  with  controls  (Fig.  IA).  Immunoblot  analysis 
of  cortex  homogenates  with  antibodies  directed  at  the  N- 
terminal  domain  common  to  all  AChE  variants  revealed  two  to 
three  immunoreactive  bands,  probably  reflecting  posttransla- 
tional  processing.  The  top  two  bands  appeared  more  intense  in 
transgenics.  Cumulative  densitometry  of  all  three  bands  revealed 
that  AChE  immunoreactivity  was  modestly  elevated  in  cortex  of 
both  AChE-R  and  AChE-S  transgenics  as  compared  with  con¬ 
trols  (Fig.  IB).  In  contrast,  sucrose  gradient  centrifugation 


2 


4  < 


2 

0 


Fig.  1.  Overexpression  of  AChE  in  transgenic  brain.  (A)  AChE  activity  in  brain 
regions  of  transgenic  mice.  Shown  are  rates  of  acetylthiocholine  hydrolysis  per 
min  per  mg  of  protein  in  homogenates  of  basal  nuclei  (basal  nuc.),  cortex,  and 
hippocampus  (hipp.)  of  AChE-S  (S),  AChE-R  of  line  45  (R45),  AChE-R  of  line  70 
(R7o)  transgenics,  and  control  (Ct)  mice,  all  from  the  FVB/N  strain.  Bars  present 
averages  ±  SEM  for  homogenates  from  four  or  five  mice  of  each  pedigree. 
Note  that  elevation  in  catalytic  AChE  activity,  although  nonsignificant,  is 
common  to  all  transgenic  lines.  ( B )  AChE  immunoreactivity  in  cortex  of  trans¬ 
genic  mice.  Shown  are  average  intensities  ±  SEM  of  immunopositive  bands 
after  SDS/PAGE,  immunoblot,  and  densitometric  analyses  of  cortical  homog¬ 
enates  from  transgenic  and  control  mice.  The  antibody  used  was  targeted 
against  the  common  N-terminal  domain  of  AChE;  the  positive  signal  obtained 
with  this  antibody  in  control  mouse  samples  (see  Inset )  demonstrates  massive 
cross  reactivity  with  the  mouse  enzyme.  Intensities  were  determined  for  the 
three  main  immunopositive  bands  (see  Inset)  from  five  to  eight  lanes  loaded 
with  protein  from  individual  mice  of  each  strain  and  are  presented  as  per¬ 
centage  of  control  values  within  the  same  gel.  Note  that  elevation  in  immu¬ 
noreactivity,  although  nonsignificant,  is  common  to  all  transgenic  lines.  ( B 
Inset )  An  example  of  an  immunoblot  film,  showing  the  main  bands  in  each 
lane  for  each  of  the  transgenics  and  controls  at  the  same  order  as  in  the  bar 
graph.  Kd,  kilodalton.  (O  Altered  multimeric  assembly.  Shown  are  sucrose 
gradient  profiles  for  AChE  in  the  cortex  of  control  (Ct),  AChE-S  (S),  and  AChE-R 
(R;  line  45)  mice.  Arrows  denote  the  sedimentation  of  bovine  catalase  (C;  1 1 .4 
S)  and  alkaline  phosphatase  (AP;  6.1  S).  Note  elevation  in  AChE  tetramers  (G4; 
^10S)  or  monomers  (G1;  *«4.4  S)  and  the  altered  ratio  between  these  isoforms 
in  the  different  transgenics. 


demonstrated  a  large  increase  of  AChE  monomers  in  the  cortex 
of  AChE-R  mice  (Fig.  1C).  The  ratio  between  tetramers  and 
monomers  was  11.0,  7.4,  and  0.4  in  cortices  of  control,  AChE-S 
transgenic,  and  AChE-R  transgenic  mice,  respectively.  That  the 
ratio  between  tetramers  and  monomers  was  altered  more  sub¬ 
stantially  than  the  absolute  elevation  of  enzyme  activity  in 
AChE-R  mice  suggested  that  the  multimeric  assembly  of  AChE 
in  brain  depends  on  the  ratio  of  AChE-S  to  AChE-R  monomers. 

Immunological  Detection  of  AChE-R  in  Mammalian  Brain.  An  anti¬ 
serum  directed  at  human  ARP  unique  to  the  AChE-R  isoform 
was  used  to  immunostain  frozen  coronal  brain  sections.  Anti- 
ARP  antiserum  stained  neurons,  but  not  glia,  from  both  control 
and  transgenic  mice  (Fig.  2).  In  sections  from  AChE-R  trans¬ 
genic  mice,  intense  neuronal  staining,  apparent  both  in  soma  and 
dendrites,  was  noted  in  somatosensory  and  piriform  cortex, 
dentate  gyrus,  and  basolateral  amygdala  (Fig.  2  Right),  presum¬ 
ably  reflecting  prominent  expression  of  human  AChE-R  in  these 
regions.  Dendritic  staining  was  limited  to  proximal  regions, 
except  for  dentate  gyrus  neurons,  where  distal  dendritic  regions 
(at  least  70  jam  in  length)  were  stained  as  well.  Many  additional 
neurons  in  these  brain  regions  exhibited  weak  to  moderate 
staining  of  the  cytoplasm,  leaving  the  nucleus  completely  pale. 
In  addition,  prominent  staining  of  some  neurons  was  observed 
in  the  hypothalamus,  thalamus,  and  nucleus  basalis  magnocel- 
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Fig.  2.  AChE-R  immunoreactivity  in  transgenic  brain.  Shown  is  AChE-R 
immunoreactivity  in  high-magnification  photomicrographs  of  corona!  sec¬ 
tions  1 .2  mm  posterior  to  bregma  from  the  brains  of  control  (Ct)  mice  and  the 
AChE-R  line  45  transgenics  (R45).  Note  that  ARP  immunostaining  is  apparent 
only  in  neurons,  that  both  somata  and  processes  are  stained,  and  that  the 
intensity  of  neuronal  staining  is  highly  variable  between  the  different  brain 
regions. 

lularis  neurons  (data  not  shown).  Both  staining  intensity  and 
numbers  of  stained  neurons  were  higher  in  line  45  than  in  line 
70  mice.  Weak,  diffuse  staining  was  also  observed  in  many  brain 
regions  of  control  and  AChE-S  transgenic  mice  (Fig.  2  and  data 
not  shown).  In  control  mice,  however,  somewhat  pronounced 
AChE-R  accumulation  was  noted  in  piriform  cortex  and  baso- 
lateral  amygdala.  Control  sections  exposed  to  antiserum  pread¬ 
sorbed  with  synthetic  ARP  (10  p M)  were  completely  negative 
(data  not  shown),  demonstrating  specificity  of  the  staining.  With 
antiserum  directed  at  the  common  domain  of  the  enzyme,  only 
AChE-S  transgenic  mice  displayed  immunopositive  signals.  In 
this  case,  the  antibody  labeled  neurons  in  the  nuclei  of  the  basal 
ganglia,  including  striatum,  globus  pallidus,  nucleus  basalis  mag- 
nocellularis,  entopeduncular  nucleus,  and  substantia  nigra  pars 
reticulata.  Overall,  the  immunodetection  of  AChE-R  and 
AChE-S  in  transgenic  mice  was  consistent  with  in  situ  hybrid¬ 
ization  data  localizing  expression  of  the  various  mRNAs  to  the 
same  brain  regions  (ref.  10  and  data  not  shown).  Thus,  the  failure 
of  anti-common-domain  antiserum  to  stain  AChE-R  overex¬ 
pressing  neurons  may  reflect  differential  folding  properties  of 
AChE-S  (17)  and  AChE-R  monomers. 

Indication  for  AChE-S-Induced  Neuronal  Hyperexcitation.  Because 
AChE  overexpression  in  mammalian  and  amphibian  systems 
affected  neuronal  processes  (10,  15),  we  compared  process 
morphology  in  control  and  AChE  transgenic  mice.  Immuno¬ 
staining  with  a  monoclonal  antibody  to  the  cytoskeletal  protein 
NFT200  revealed  a  curled  “corkscrew’Mike  deformation  of 
cortical,  but  not  hippocampal,  processes  in  all  mouse  lines  (Fig. 
3).  Corkscrew  processes,  which  are  indicative  of  neuronal  hy¬ 
perexcitation  (18),  exhibited  an  invariant  sinusoid-like  regularity 
and  did  not  stain  for  HSP70.  To  quantify  the  extent  of  corkscrew 
formation,  we  measured  the  cumulative  length  of  neurites  with 


* 


Fig.  3.  Evidence  for  neuronal  process  malformation  in  AChE-S  transgenic 
mice.  {Upper)  Example  micrographs  from  control  (Ct)  and  AChE-S  transgenics 
(S)  immunolabeled  for  NFT200.  (Lower)  Cumulative  lengths  (averages  ±  SEM) 
of  all  axonal  or  dendritic  segments  displaying  a  corkscrew-like  pattern  are 
displayed  on  high-magnification  micrographs  from  the  parietal  cortex  of 
4-month-oid  or  8-  to  10-month-old  AChE-S  (S)  and  AChE-R  (R)  transgenics  and 
control  (Ct)  mice.  Numbers  were  derived  from  three  coronal  sections  contain¬ 
ing  the  somatosensory  cortex,  1-2  mm  posterior  to  bregma,  from  each  of  six 
male  mice  per  group.  Analysis  with  the  Seescan  Image  Analysis  system  (See- 
scan  pic,  Cambridge,  U.K.)  was  performed  on  32  subfields  of  1 50  ^m  (width)  x 
100  jam  (height;  total  area  of  0.48  mm2).  *,  P<  0.001. 

corkscrew  morphology  in  500-/xm2  regions.  The  cumulative 
length  of  corks  crew- shaped  neurites  progressed  with  age  from  4 
to  8-10  months,  in  all  pedigrees.  However,  at  both  4  months  and 
8-10  months  of  age,  AChE-S  mice  displayed  significantly  greater 
extents  of  corkscrew  morphology  than  either  control  or  AChE-R 
transgenic  mice.  In  striking  contrast,  both  lines  of  AChE-R 
transgenic  mice  displayed  a  degree  of  corkscrew  morphology 
comparable  with  that  of  control  mice  (Fig.  3  and  Table  1). 
Because  deterioration  of  cortical  inhibitory  GABAergic  inter¬ 
neurons  was  suggested  to  be  the  cause  of  the  corkscrew  phe¬ 
nomenon  (18),  we  characterized  GABAergic  neurons  in  the 
somatosensory  cortex  of  transgenic  mice.  No  cell  loss  or  shrink¬ 
age  and  no  morphological  aberrations  were  observed  among  any 
of  the  transgenic  pedigrees  as  compared  with  controls  (Table  1). 
Moreover,  average  thickness  of  the  parietal  cortex  and  neuronal 
density  were  similar  between  the  different  lines.  Furthermore, 
silver  impregnation  did  not  stain  parietal  cortex  neurons  in  any 
of  these  pedigrees,  showing  no  evidence  for  terminal  neurode¬ 
generation  (not  shown). 

AChE-R  Protects  Hippocampal  Neurons  from  Stress-Related  Morphol¬ 
ogies.  In  all  pedigrees,  some  clusters  of  NFT200-immunoreactive 
neuronal  fragments  were  observed  in  the  stratum  radiatum  layer 
of  the  hippocampal  CA1-3  regions  (Fig.  4  Top),  increasing  in 
number  with  advancing  age  (Fig.  4  and  Table  1).  AChE-S 
transgenic  mice  exhibited  a  significant  extent  of  cluster  forma¬ 
tion  already  at  4  months  of  age,  which  was  approximately 
doubled  in  8-  to  10-month-old  mice.  In  contrast,  only  about 
one-third  of  4-month-old  control  FVB/N  and  AChE-R  mice 
exhibited  clustered  neural  fragments,  and  then,  not  more  than 
one  cluster  per  mouse  was  observed.  The  8-  to  10-month-old 
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Table  1.  Suppressed  stress-associated  morphological  features  in  AChE-R  transgenics 

Morphological 


Abnormality 

Measurement 

AChE-S 

AChE-R 

Control 

Statistical  test 

Curled  processes, 

Cumulative  length  in  0.48  mm2  (ju,m) 

3,080  ±  210;  P<  0.0001 

1,410  ±  150 

1,070  ±  170 

Newman-Keuls 

(NFT200) 

Cortex  thickness  /xm 

230  ±  7 

240  ±  8 

230  ±  5 

Ftest 

GABAergic  interneurons  Cell  number  in  cortical  layers  1-3 

210  ±  4 

190  ±  14 

190  ±  19 

Ftest 

(parvalbumin) 

Cell  number  in  cortical  layers  4-6 

250  ±  12 

270  ±  14 

250  ±  10 

Ftest 

Cell  area,  fxvn2 

68  ±  3 

66  ±  3 

60  ±  3 

F  test 

GABAergic  interneurons  Cell  number  in  cortical  layers  1-3 

290  ±  10 

300  ±  6 

260  ±  15 

F  test 

(calbindin  D28K) 

Cell  number  in  cortical  layers  4-6 

67  ±  5 

73  ±  2 

76  ±  5 

F  test 

Cell  area,  jam2 

57  ±  2 

55  ±  1.5 

54  ±  2 

F  test 

Neuronal  fragment 

Number  of  clusters  per  section 

3.3  ±  0.8 

0.4  ±  0.2;  P<  0.02 

1.7  ±  0.4 

Mann-Whitney 

clusters  (NFT200) 

Cluster  area,  /x m2 

3,470  ±  370 

2,090  ±  500* 

2,060  ±  230 

T  test 

Number  of  fragments  per  cluster 

110  ±  16;  P<  0.002 

70  ±  15* 

46  ±  4 

T  test 

Fragment  density  in  cluster 

0.032  ±  0.002;  P  <  0.03 

0.035  ±  0.008* 

0.023  ±  0.002 

!  Ttest 

Neuronal  fragment 

Number  of  clusters  per  section 

6.2  ±  2.1;  P<  0.005 

0.4  ±  0.3 

1.7  ±  0.7 

Mann-Whitney 

clusters  (HSP70) 

Cluster  area,  /x m2 

2,690  ±  380;  P  <  0.03 

1,370  ±  280* 

1,690  ±  240 

T  test 

Number  of  fragments  per  cluster 

50  ±  6;  P  <  0.02 

30  ±  7* 

31  ±  4 

T  test 

Fragment  density  in  cluster 

0.020  ±  0.001 

0.022  ±  0.004* 

0.019  ±  0.001 

T  test 

Astrocytes  (GFAP) 

Total  number  of  cells 

270  ±  9 

250  ±  10 

270  ±  10 

F  test 

Percentage  of  hypertrophic  cells 

24  ±  2 

16  ±  3;  P<  0.03 

24  ±  2 

Newman-Keuls 

Presented  are  average  values  ±  SEM  forthe  measurements  of  morphological  features  noted  in  the  text.  The  antibody  used  for  staining  is  noted  in  parentheses. 
Age  groups  of  4-month-old  and  8-  to  10-month-old  mice  were  combined  for  calculations,  except  for  the  clustering  phenomenon,  which  increased  with  age,  and 
for  which,  the  data  presented  (pooled  from  three  mice)  is  for  the  8-  to  10-month-old  group.  A  normal  distribution  could  not  be  assumed,  and  nonparametric 
tests  were  used:  Kruskal-Wallis's  for  the  main  effects  of  transgenic  line  or  age  and  Mann-Whitney's  for  multiple  comparisons  of  transgenic  lines.  Significant  P 
values  (in  comparison  with  control  mice)  are  noted  where  appropriate.  GABA;  y-aminobutyric  acid. 

*ln  AChE-R  transgenics,  the  small  number  of  clusters  found  precluded  any  statistical  comparison  of  cluster  area  and  number  of  fragments  per  cluster. 


control  mice  displayed  approximately  half  the  number  of  frag¬ 
ment  clusters  as  age-matched  AChE-S  mice.  In  10-month-old 
AChE-R  mice,  clustered  neuronal  fragments  were  very  rare. 
Cluster  size,  the  number  of  fragments  per  cluster,  and  fragment 
density  were  all  significantly  greater  in  8-  to  10-month-old 
AChE-S  mice  than  in  age-matched  controls  or  AChE-R  trans¬ 
genics  (Table  1). 

Neuronal  fragment  clusters  have  been  observed  in  posttrau- 
matic  states,  for  example  after  head  injury  (1 9—21).  Therefore, 
we  stained  sections  for  HSP70,  which  stains  degenerating  pro¬ 
cesses  in  acute  head  trauma  (19,  20)  and  Alzheimer’s  disease 
(22).  Anti-HSP70  antibodies  revealed  clusters  in  hippocampus 
resembling  those  observed  with  anti-NFT200,  with  similar  pat¬ 
terns  and  incidence  (Fig.  4  and  Table  1).  As  with  NFT200- 
stained  clusters,  HSP70-positive  clusters  were  more  abundant  in 
AChE-S  and  more  sparse  in  AChE-R  mice  than  in  controls. 
Progression  with  age,  from  4  to  8  months,  was  observed  both  in 
control  and  AChE-S  mice  (P  =  0.05)  but  not  AChE-R  mice.  In 
no  case  were  hippocampal  neurons  stained  by  silver  impregna¬ 
tion,  demonstrating  sustained  cell  viability. 

Suppressed  Astrocyte  Reactivity  in  AChE-R  Transgenic  Mice.  Immu- 
nostaining  for  GFAP  was  performed  to  test  whether  the  neu- 
roanatomic  changes  in  cortical  and  hippocampal  neurons  over¬ 
expressing  the  different  AChE  variants  involve  morphological 
changes  in  glial  cells.  Modified  astrocyte  morphology  was  ob¬ 
served  in  the  stratum  lacunosum  moleculare  of  the  hippocampal 
CA3  subregion,  where  a  subset  of  reactive  astrocytes  presented 
highly  immunoreactive  soma  and  enhanced  dendritic  staining 
(Fig.  5)  as  compared  with  normal  astrocytes  in  which  the  soma 
were  pale  or  invisible.  Only  minor  differences  were  discerned  in 
the  average  total  numbers  of  astrocytes.  However,  the  percent¬ 
age  of  reactive  astrocytes  was  significantly  lower  in  the  AChE-R 
transgenics  than  in  controls  or  AChE-S  transgenics  (Table  1  and 
Fig.  5). 


Discussion 

After  acute  stress,  the  ratio  between  AChE-R  and  AChE-S 
increases  dramatically,  probably  by  a  combination  of  transcrip¬ 
tional  and  posttranscriptional  mechanisms  (7).  To  test  whether 
prolonged  modulation  of  AChE  expression  could  influence 
neuroanatomic  features  in  the  mammalian  brain,  wc  generated 
transgenic  mice  with  subtle  overexpression  of  either  AChE-S  or 
AChE-R  in  brain  neurons.  The  30-50%  elevated  expression  of 
AChE  in  these  transgenic  models  resembles  that  observed  by  us 
for  FVB/N  mice  subjected  to  forced  swim  stress.  We  therefore 
hypothesized  that  if  excess  AChE-R  exacerbates  the  cumulative 
neurological  consequences  of  stress,  AChE-R  transgenics  would 
display  exaggerated  histopathological  features  characteristic  of 
stress  response  processes.  In  fact,  wc  observed  reduced  numbers 
and  sizes  of  clustered  neuronal  fragments  and  decreased  num¬ 
bers  of  reactive  astrocytes  in  8-  to  10-month-old  AChE-R 
transgenic  mice  compared  with  controls.  Therefore,  our  data 
indicate  that  AChE-R  works  to  protect  the  brain  against  neu¬ 
rodegeneration.  The  inverse  pattern  of  morphological  correlates 
in  AChE-S  transgenic  mice  points  to  AChE-S  as  a  potential 
accelerator  of  stress-promoted  neurodctcrioration. 

The  predominance  of  3'  unspliced  AChE-R  mRNA  in  brain 
after  stress  represents  a  diversion  of  alternative  splicing  that  was 
also  observed  in  stress  responses  for  the  retinal  /V-mcthyl-D- 
aspartate  receptor  I,  clathrin  light  chain  B,  and  transformer-2  p 
(23).  Similarly,  stress  hormone-induced  shifts  in  alternative 
splicing  were  reported  to  favor  the  repetitive  firing  variants  of  K+ 
channels  in  adrenal  chromafin  tissue  (24).  The  primary  differ¬ 
ences  between  AChE  isoforms  are  reflected  in  the  enzyme’s 
oligomeric  assembly,  hydrodynamic  properties,  and  subcellular 
distribution  (9).  These  features  will  affect  the  sites  of  potential 
action  of  the  enzyme,  both  with  respect  to  catalytic  and  non- 
catalytic  activities.  That  AChE-S,  but  not  AChE-R,  accelerates 
the  corkscrew  phenomenon  attributes  a  previously  unperceived 
role  in  neurite  degeneration  to  this  AChE  variant.  Several 
observations  support  the  notion  that  AChE-S  activates  a  unique 
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Fig.  4.  Clustered  neuronal  fragments.  Shown  are  coronal  brain  sections  from 
8-  to  10-month-old  control  and  transgenic  mice  after  immunostaining  of 
NFT200  or  HSP70  with  cresyl  violet  counter  staining.  (Top)  Low-magnification 
image,  in  which  gray-black  clusters  of  neuronal  fragments  immunopositive  for 
NFT200  (surrounded  by  red  frames)  are  apparent  in  the  stratum  radiatum 
layer  of  hippocampal  CA1-3  regions  (1 .6-2.8  mm  posterior  to  bregma).  ( Mid¬ 
dle  and  Bottom)  High-magnification  images  of  the  framed  regions,  stained 
for  HSP70  and  NFT200,  respectively.  Clusters  including  over  10  neuronal 
fragments  were  counted  in  three  sections  from  each  mouse,  2  to  4  mm 
posterior  to  bregma.  Bars  present  counted  clusters  per  section  as  average  ± 
SEM  for  six  mice  from  each  strain  and  age  group  (4-month-old  and  8-  to 
10-month-old).  Ct,  control  FVB/N  mouse;  S,  AChE-S  transgenic  mouse;  R, 
AChE-R  transgenic  mouse. 

cell-signaling  cascade  or  cascades.  For  example,  in  the  embry¬ 
onic  spinal  cord,  AChE-S  overexpression  was  shown  to  enhance 
the  production  of  choline  acetyl  transferase  (25).  The  difference 
between  AChE-S  and  AChE-R  transgenics  in  this  respect  prob¬ 
ably  includes  a  component  related  to  noncatalytic  properties  of 
the  two  variants.  Interestingly,  increased  ratios  between  AChE 
monomers  and  tetramers,  perhaps  reflecting  AChE-R  overpro¬ 
duction,  were  reported  for  Alzheimer’s  disease  (26)  and  after 
anticholinesterase  exposure  (reviewed  in  ref.  27). 

We  previously  reported  that  chronic  overexpression  of 
AChE-S  causes  progressively  impaired  memory  and  decreased 
dendritic  branching  in  cortical  neurons  (10),  as  in  senile  demen¬ 
tia  (11).  Our  current  work  demonstrates  that  AChE-S  transgen¬ 
ics  manifest  additional  features  of  neuronal  stress,  such  as 
corkscrew  processes,  neuronal  retraction  balls,  and  reactive 
gliosis.  NFT200-positive  structures  are  subject  to  morphological 
changes  in  both  the  normal  and  the  pathological  ranges  of 
plasticity  (19,  20,  28).  Sinusoidal  corkscrew  processes  were 
shown  after  chemical  [e.g.,  phencyclidine  (PCP);  “angel  dust”] 
intoxication,  head  trauma,  and  ischemic/hypoxic  stress  and  in 
brains  of  patients  with  Alzheimer’s  disease  (19-21,  29).  This 
deformity  often  precedes  process  degeneration  and  neuronal 
death  but  may  also  be  reversible.  The  pathway  that  creates  the 
corkscrew  phenotype  is  considered  to  be  associated  with  hyper¬ 
excitation.  For  example,  PCP,  an  antagonist  of  iV-methyl-D- 
aspartate  receptors  on  inhibitory  GABAergic  interneurons, 
causes  hyperactivation  of  cortical  pyramidal  neurons  with  which 


Fig.  5.  Astrocyte  reactivity.  Normal  and  reactive  astrocytes  were  counted  in 
the  stratum  lacunosum  moleculare  in  hippocampal  sections  2  to  4  mm  poste¬ 
rior  to  bregma  (three  from  each  of  six  mice  in  each  strain).  Shown  is  GFAP 
astrocyte  labeling  in  coronal  brain  sections  from  4-month-old  transgenic  and 
control  mice.  Note  that  in  normal  astrocytes,  only  dendrites  are  stained,  and 
soma  are  pale  or  invisible,  whereas  reactive  cells  display  highly  immunoreac- 
tive  soma  and  enhanced  dendritic  staining.  (Top)  Example  low-magnification 
micrographs  of  dentate  gyrus  (DG;  Left)  and  CA3  (Right)  hippocampal  regions 
of  control  (Ct)  mice.  (Middle  and  Bottom)  High-magnification  images  of 
stratum  lacunosum  moleculare  from  the  hippocampal  CA3  subregion  from 
control  (Ct),  AChE-S  (S),  and  AChE-R  (R)  mice.  (Insets)  Individual  astrocytes 
stained  for  GFAP  (Bar  =  1  pm).  (Bottom  Left)  Percentage  of  reactive  astrocytes 
of  the  total  counted  astrocytes  (average  ±  SEM  of  n  =  6  mice  for  each  group). 

*,  P<0.05. 

these  interneurons  communicate  (18).  Because  muscarinic  re¬ 
ceptor  blockers  prevent  formation  of  PCP-induced  corkscrew 
structures  (21),  this  hyperactivation  is  apparently  caused  by  the 
excitatory  inputs  to  cortical  pyramidal  neurons,  which  include  a 
cholinergic  element. 

AChE-R  transgenics  displayed  relatively  prominent  overex¬ 
pression  of  the  AChE-R  protein  in  precisely  those  neurons  that 
are  notably  associated  with  stress  responses  in  the  dentate  gyrus, 
amygdala  (30),  and  piriform  cortex  (31).  Corkscrew  structures 
were  increased  significantly  in  AChE-S  but  not  in  AChE-R 
transgenics  as  compared  with  control  mice,  supporting  the 
notion  of  a  protective  role  for  AChE-R.  Based  on  the  PCP 
model,  we  expected  to  find  pathology  among  GABAergic  neu¬ 
rons  and/or  increased  cholinergic  input  in  AChE-S  mice.  Be¬ 
cause  we  found  no  evidence  of  pathology  to  GABAergic  neu¬ 
rons,  there  remains  the  possibility  of  excessive  cholinergic  input. 
Elevated  high-affinity  choline  transport  in  these  mice  (10) 
and  elevated  acetylcholine  levels  as  measured  by  microdi¬ 
alysis  (C.  Erb,  unpublished  work)  indeed  indicate  cholinergic 
hyperexcitation. 

Clustered  neuronal  fragments  reflecting  axonal  and  dendritic 
“retraction  balls,”  depict  advanced  neurite  changes  (19-21). 
Elevated  HSP70  reported  after  head  injury  and  in  Alzheimer’s 
disease  (19,  22)  highlights  the  importance  of  these  clustered 
neural  fragments  as  markers  of  neurodeterioration.  Although 
these  fragments  often  predict  subsequent  neuronal  death  (20),  j 
silver  impregnation  excluded  exceptional  rates  of  neuronal  death 
among  AChE-S  transgenics,  both  in  the  parietal  cortex  where 
corkscrew-like  processes  appeared  and  in  the  hippocampus 
where  the  process  retraction  balls  were  seen.  Cluster  numbers 
and  sizes  and  fragment  numbers  and  density  within  clusters  were 
significantly  elevated  in  8-  to  10-month-old  versus  4-month-old 
control  mice  and  in  AChE-S  transgenics  versus  controls  in  both 
ages.  Thus,  AChE-S  seemed  to  accelerate  a  normal  age- 
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dependent  neuropathological  process.  In  contrast,  AChE-R 
prominently  attenuated  cluster  formation  in  both  age  categories. 
The  possibility  that  the  protective  effects  of  AChE-R  derive  from 
a  direct  interaction  or  competition  with  AChE-S  or  its  putative 
cell  surface  ligands  remains  to  be  studied.  One  way  to  approach 
this  question  would  be  to  establish  transgenic  mice  overexpress¬ 
ing  both  transcripts.  In  cultured  glioma  cells  coexpressing 
AChE-S  and  AChE-R  mRNAs,  AChE-R  exerted  a  dominant 
phenotype  (32). 

GFAP  overproduction  in  astrocytes  is  considered  to  reflect 
neuronal  changes  such  as  synaptic  remodeling  (33).  Reactive 
astrocytes,  significantly  reduced  in  the  hippocampus  of  AChE-R 
transgenics  as  compared  with  controls  or  AChE-S  transgenic 
mice,  are  the  hallmark  of  “reactive  gliosis, ”  reflecting  the 
reaction  of  glial  cells  to  trauma.  Reactive  gliosis  occurs  in  acute 
brain  injury,  in  neurodegenerating  regions  within  the  brain  of 
patients  with  Alzheimer’s,  during  viral  infections,  after  chemical 
intoxication  (34),  and  even  in  normal  aging  (35).  The  low 
incidence  of  reactive  glia  in  AChE-R  transgenic  mice  further 
reinforces  the  notion  that  chronic  presence  of  AChE-R  acts  to 
protect  the  brain  against  long-term  stress-related  damage. 

In  this  study,  mice  were  not  subjected  to  experimental  stress 
but  were  exposed  to  mildly  stressful  daily  handling  (2).  However, 
they  developed  features  associated  with  stress  in  numerous 
species  and  various  stress  paradigms  (18-22,  29,  33-37).  How¬ 
ever,  genetic  background  may  have  a  significant  effect  on  the 
rate  and  extent  of  stress-induced  neurodeterioration.  Different 
strains  of  mice  may  vary  in  fearfulness  and  response  to  stress 

(38) .  FVB/N  mice  were  shown  to  be  highly  susceptible  to  the 
widespread  neurodegeneration  that  follows  kainic  acid  seizures 

(39)  but  not  to  the  selective  loss  of  midbrain  dopaminergic 
neurons  induced  by  l-methyl-4-phenyl-l,2,3,6-tetrahydropyri- 
dine  (40)  as  compared  with  the  C57BL/6  mice.  No  evidence  for 
neuronal  loss  was  found  in  AChE-S  transgenic  mice  with  the 
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FVB/N  background  up  to  10  months  of  age.  Nevertheless,  these 
animals  can  live  up  to  2  years,  and  neuronal  death  may  occur  only 
at  truly  advanced  ages. 

Chronic  overexpression  of  AChE-R  was  consistently  associated 
with  reduction  in  several  morphological  correlates  of  neurodegen¬ 
eration  in  transgenic  mice.  Demonstration  of  such  association  in 
two  distinct  transgenic  lines  shows  that  this  phenotype  did  not 
depend  on  the  integration  site  of  the  transgene  but  probably  on  a 
certain  threshold  of  AChE-R  overexpression.  Our  current  findings 
therefore  demonstrate  that  AChE-R,  most  likely  with  another 
modulator  or  modulators,  may  be  beneficial  in  the  response  to  acute 
stress  at  two  levels:  (/)  by  dampening  the  acute  cholinergic  hyper¬ 
activation  that  accompanies  stress  (7)  and  (//)  by  protecting  the 
brain  from  entering  the  downward  spiral  into  progressive  neuro- 
degeneration  through  an  as-yet  unidentified  mechanism,  which 
could  involve  noncatalytic  activities  and/or  direct  competition  with 
AChE-S.  In  that  case,  the  diversion  of  up-regulated  AChE  expres¬ 
sion  after  insults  to  the  central  nervous  system  from  production  of 
the  usual  AChE-S  to  the  unusual  AChE-R  isoform  (7)  would 
reflect  an  elegant  evolutionary  mechanism  to  avoid  the  dangers  of 
overexpressed  AChE-S.  These  findings  imply  that  mutations  con¬ 
ferring  heritable  up-regulation  of  AChE-R  would  protect  the 
mammalian  central  nervous  system  from  some  age-dependent 
neuropathologies.  The  definitive  role  of  AChE-R  after  transient 
stress  or  drug-induced  overexpression  remains  to  be  examined  in 
additional  animal  models  permitting  conditional  regulation  of 
AChE  gene  expression. 
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Overview: 

Specific  inhibition  of  nervous  system  enzymes  <pr  receptors  is  often  difficult  to  achieve 
pharmacologically,  especially  where  the  target  protein  is  a  particular  subtype  within  a  family  of 
closely  related  gene  products.  Antisense  oligonucleotides  attack  unique  nucleotide  sequences 
rather  than  3-  dimensional  protein  structures.  Thus,  they  offer  a  powerful  tool  to  discriminate 
between  closely  related  proteins  derived  from  homologous  genes,  polymorphic’  alleles,  or 
alternative  splicing  products.  The  acetylcholine-hydrolyzing  enzyme,  acetylcholinesterase 
(AChE),  is  the  molecular  target  of  approved  drugs  for  Alzhiemer’s  disease  (AD)  and  myasthenia 
gravis  (MG).  However,  novel  findings  implicate  alternative  splicing  variants  of  AChE  in  the 
complex  etiology  of  diseases  such  as  AD  and  MG.  Despite  the  large  arsenal  of  anti-AChE  drugs, 
AChE  inhibitors  are  targeted  towards  an  active  site  shared  by  all  isoforms.  Therefore,  isoform 
specific  inhibtors  are  not  likely  to  become  available  in  the  near  future.  Thus,  the  putative  roles  of 
different  AChE  isoforms  in  health  and  disease  emphasize  the  potential  contribution  that  antisense 
technology  can  make  towards  improved  understanding  and  strategic  approaches  to  anti-AChE 
therapeutics. 

The  need  for  subtype-specific  protein  targeting: 

The  vast  complexity  of  the  mammalian  central  nervous  system  (CNS)  is  facilitated  by  the 
large  variety  of  neurotransmitters  and  neurotransmitter  receptors  in  the  brain  (Barnard,  1988). 
Molecular  heterogeneity  in  the  CNS  is  generated,  in  part,  by  homologous  genes,  alternative 
splicing,  and  combinations  of  non-identical  subunits  that  generate  heterooligomeric  complexes. 
Thus,  closely  related  receptor  isoforms  may  possess  diverse  properties  with  regard  to  ligand 
affinity,  channel  kinetics,  or  spatio-temporal  expression.  Moreover,  alternative  isoforms  may  be 
preferentially  expressed  under  various  physiological  conditions  or  states  of  disease  (Xie  and 
McCobb,  1998).  The  same  is  true  for  enzyme  isoforms  catalyzing  the  various  biochemical 
reactions  allowing  the  brain  to  maintain  homeostasis  and  respond  to  external  stimuli.  The  role 
that  specific,  neurotransmitter  or  receptor  subtypes,  or  isozymes  play  in  behavior,  health,  and 
disease,  emphasizes  the  importance  of  selective  drug  targeting.  Nevertheless,  isoform-specific 
pharmacological  inhibitors  are  often  elusive.  For  that  reason,  antisense  oligonucleotides  have 
become  an  attractive  alternative  to  classic  pharmacology  for  both  basic  brain  reseaerch  and  drug 
development. 

Exploiting  the  High  Specificity  of  Antisense  Oligonucleotides 

Antisense  oligonucleotides  have  been  used  to  study  various  families  of  CNS  proteins, 
including  ion  channels,  neurotransmitter  receptors,  neuropeptides,  and  enzymes.  Many  of  these 
studies  have  been  performed  in  vivo,  using  stereotaxic  injections  or  infusions  through  a  surgically 
implanted  cannula.  For  example,  over  40  different  potassium  channels  have  been  identified  in  the 


mammalian  CNS.  Despite  their  diverse  electrophysiological  characteristics,  the  channel  domain 
of  potassium  channels  has  been  highly  conserved  through  evolution,  making  the  various  subtypes 
difficult  to  distinguish  pharmacologically.  Using  multiple  intracerebroventricular  administrations 
of  isoform-specific  antisense  oligonucleotides,  the  ATP-dependent  A-type  potassium  channel 
Kvl.4  was  selectively  inactivated  in  rats,  and  its  role  in  long-term  potentiation  and  spatial 
memory  distinguished  from  that  of  the  late-rectifying  K+  channel  Kvl.l  (Meiri  et  al.,  1997; 
Meiri  et  ah,  1998).  Similarly,  antisense  oligonucleotides  were  used  to  distinguish  between 
members  of  the  D2  class  of  dopamine  receptors.  Since  the  KDs  for  most  agonists  and  antagonists 
towards  different  members  of  this  receptor  family  are  within  one  order  of  magnitude, 
pharmacological  discrimination  between  them  is  poor.  On  the  other  hand,  antisense 
oligonucleotides  elicited  selective,  physiologically-significant  reductions  in  either  D2  or  D, 
autoreceptors  in  dopaminergic  neurons  in  the  substantia  nigra  of  treated  rats  (Tepper  et  ah,  1997). 
An  interesting  suggestion  made  in  that  study  was  that  the  limited  diffusion  of  oligonucleotides 
following  intraparenchymal  injection  can  be  exploited  to  specifically  target  either  presynaptic  or 
postsynaptic  neurons,  an  options  not  afforded  by  conventional  drugs.  Indeed,  highly  specific 
regional  targeting  of  antisense  oligonucleotide  effects  in  the  brain  has  been  observed  by  others 
(Lamprecht  et  ah,  1997;  Lane  Ladd  et  ah,  1997).  Nevertheless,  it  should  be  noted  that  distant 
transport  of  a  minor  fraction  of  injected  oligonucleotides  along  projection  pathways  has  been 
reported  (Sommer  et  ah,  1998).  In  the  case  of  the  peptide  neurotransmitters  neuropeptide  Y  and 
galanin,  antisense  oligonucleotides  have  been  used  to  down  regulate  both  the  neurotransmitters 
themselves  and  specific  receptor  subtypes  (Kalra  et  ah,  2000). 

Classification  and  characterization  of  the  opioid  receptors  mu,  delta,  and  kappa  has  been 
greatly  assisted  by  antisense  technology  (Pasternak  and  Pan,  2000).  Selective  oligonucleotides 
blocking  behavioral  or  analgesic  responses  helped  map  the  separate  opiate  receptors,  while 
oligonucleotides  targeting  specific  exons  within  a  subtype  have  provided  evidence  for  alternative 
splicing  and  additional  levels  of  subtype  complexity.  For  example,  oligonucleotides  targeting  5 
different  exons  in  the  mu  opioid  receptor  were  able  to  differentiate  between  analgesic  effects 
mediated  by  endomorphin-1  and  morphine  (Sanchez-Blazquez  et  ah,  1999).  Antisense 
oligonucleotides  targeting  specific  exons  in  the  neuronal  nitrous  oxide  synthetase  gene  were 
similarly  employed  to  differentiate  the  actions  of  2  isozymes  derived  by  alternative  splicing 
(nNOS-1  and  nNOS-2)  on  morphine  analgesia  (Kolesnikov  et  ah,  1997).  Cyclic  nucleotide 
phosphodiesterases  (PDE),  some  families  of  which  may  generate  as  many  as  15  splice  variants, 
have  been  suggested  as  another  potential  area  for  applied  antisense  technology  (Epstein,  1998). 
The  high  specificity  of  antisense  oligonucleotides  and  the  ability  to  discriminate  between  closely 
related  gene  products  made  antisense  technology  a  natural  tool  in  approaching  the  complex 
biology  and  therapeutic  centrality  of  acetylcholinesterase. 

Current  anticholinesterase  pharmacology 

Acetylcholinesterase  (EC  3. 1.1.7)  is  the  enzyme  responsible  for  maintaining  tight 
regulation  of  neurotransmission  at  cholinergic  synapses  by  hydrolyzing  spent  acetylcholine 
(ACh).  Rapid  hydrolysis  of  ACh  acts  to  reduce  the  concentration  of  neurotransmitter  at  the 
synapse,  preventing  overstimulation  and  tetanic  excitation  of  the  postsynaptic  nerve  or  muscle. 
For  this  reason,  AChE  is  the  target  protein  of  numerous  agricultural  pesticides  and  chemical 
warfare  agents  (Soreq  and  Zakut,  1993;  Taylor,  1996).  For  the  same  reason,  however,  controlled 
use  of  AChE  inhibitors  has  come  to  play  a  leading  role  in  therapeutic  strategies  designed  to 
augment  the  cholinergic  system.  The  rationale  behind  clinical  use  of  AChE  inhibitors  is  that 


9 


inactivation  of  AChE  prolongs  the  half-life  of  released  ACh,  thereby  enhancing  postsynaptic 
signals.  Indeed,  anticholinesterase  therapies  have  served  the  medical  community  relatively  well. 
Nevertheless,  inherent  limitations  restrict  the  therapeutic  utility  of  pharmacological  AChE 
inhibitors. 

Limitations  of  AChE  pharmacology 
1.  Specificity 

One  of  the  principle  challenges  of  classical  anticholinesterase  pharmacology  was  to  overcome 
the  structural  and  functional  homology  between  AChE  and  the  closely  related  enzyme 
butyrylcholinesterase  (BChE,  EC  3. 1.1.8)  in  designing  specific  inhibitors  (Schwarz  et  ah,  1995; 
Taylor  et  ah,  1995).  AChE  and  BChE  are  carboxylesterase  type  B  serine  hydrolases  sharing  52% 
identical  amino  acids  (Soreq  et  ah,  1990).  Although  both  enzymes  hydrolyze  acetylcholine, 
AChE  is  very  specific  in  its  substrate  recognition,  while  BChE  is  much  more  permissive.  Due  to 
its  relaxed  substrate  specificity,  BChE  interacts  to  some  extent  or  another  with  most  AChE 
inhibitors.  Thus,  the  high  concentration  of  plasma  BChE  has  been  suggested  to  serve  a 
scavenging  function,  protecting  AChE  from  various  naturally  occurring  AChE  inhibitors 
(Loewenstein  Lichtenstein  et  ah,  1995).  By  the  same  token,  however,  BChE  will  act  to  scavenge 
therapeutic  anti-AChE  drugs,  elevating  the  dose  necessary  to  achieve  inhibition  at  the  target 
organ.  Moreover,  as  BChE  is  characterized  by  a  large  number  of  allelic  polymorphisms  with 
different  affinities  for  anticholinesterase  compounds,  genetic  variation  was  predicted  to  introduce 
individual  differences  in  sensitivity  to  anti-AChE  drugs  and  poisons  (Loewenstein  Lichtenstein  et 
ah,  1995).  The  AChE/BChE  specificity  problem  has  been  partially,  but  not  completely  overcome 
with  the  development  of  AChE  inhibitors  demonstrating  up  to  1000-fold  preference  for  AChE 
over  BChE  (Bryson  and  Benfield,  1997).  Nonetheless,  the  insignificant  sequence  homology 
displayed  by  AChE  and  BChE  at  the  level  of  the  gene  makes  these  proteins  completely 
distinguishable,  non-overlapping  targets  using  antisense  technology.  Furthermore,  the  question  of 
specificity  with  regard  to  AChE  inhibitors  took  an  unforseen  leap  in  complexity  as  molecular 
data  describing  the  nature  and  potential  consequences  of  3’  altenative  splicing  of  AChE  mRNA 
became  available  (Grisaru  et  ah,  1999). 

Cloning  of  the  mammalian  ACHE  gene  revealed  3  forms  of  mature  mRNA  encoding 
AChE,  together  accounting  for  the  multitude  of  known  AChE  isoforms  (Ben  Aziz  Aloya  et  ah, 
1993;  Li  et  ah,  1991)  (figurel).  The  presumed  target  of  all  AChE  inhibitors  is  the  “synaptic” 
AChE-S  isoform  bearing  a  unique,  40  amino  acid  C-terminal  peptide  encoded  by  exon  6.  A 
second,  erythrocyte-bound  form,  AChE-E,  is  encoded  by  mRNA  carrying  alternative  exon  5. 
AChE-E  presumably  participates,  together  with  BChE,  in  scavenging  blood-borne  inhibitors, 
including  drugs  of  abuse  (Salmon  et  ah,  1999).  Until  recently,  AChE-S  and  AChE-R  were 
considered  the  primary  players  in  the  development  of  anticholinesterase  therapies.  The  big 
surprise  came  with  the  discovery  that  a  rare  “  read  through  ”  mRNA  retaining  intron  4  in  the  open 
reading  frame  encodes  a  novel  AChE  isoform,  AChE-R,  that  is  dramatically  upregulated  under 
some  physiological  conditions,  including  acute  traumatic  stress  and  exposure  to  AChE  inhibitors 
(Friedman  et  ah,  1996;  Kaufer  et  ah,  1998).  Using  heterologous  expression  in  microinjected 
Xenopus  oocytes  and  embryos,  AChE-R  was  shown  to  represent  a  monomeric,  hydrophilic, 
soluble  form  of  catalytically  active  AChE  (Seidman  et  ah,  1995)  (figure  2).  In  hippocampal  brain 
slices,  elevated  AChE-R  was  associated  with  suppressed  electrophysiological  activity  3  hrs. 
following  treatment  with  the  potent  AChE  inhibitor  physostigmine  (Kaufer  et  ah,  1998).  These 
studies  raised  the  possibility  that  AChE-R  plays  a  unique  role  in  the  physiological  response  to 
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stress  (Kaufer  et  alM  1999;  Kaufer  and  Soreq,  1999).  In  addition,  it  raised  the  possibility  that  the 
balance  between  AChE  variants  carries  important  implications  for  health  and  disease.  These 
studies  therefore  challenge  the  pharmaceutical  industry  to  develop  isoform-specific  AChE 
inhibitors.  Although  small  differences  were  found  in  the  affinity  of  some  inhibitors  for  AChE-S 
and  AChE-R  (A.  Salmon  and  H.  Soreq,  unpublished  data),  it  is  yet  unclear  whether  a 
pharmacological  solution  to  the  problem  of  isoform-specific  inhibition  is  attainable.  In  contrast, 
antisense  technology  offers  potential  solutions.  One  approach  would  be  to  design  exon-specific 
oligonucleotides  to  preferentially  target  exon  6  (AChE-S)  or  intron  4  (AChE-R).  Another  option 
is  to  exploit  the  inherent  instability  of  AChE-R  mRNA  to  selectively  target  this  RNA  species. 
The  rapid  degradation  of  AChE-R  mRNA  under  treatment  of  rat  phaeochromocytoma  (PC  12) 
cells  with  actinomycin  D  supported  the  validity  of  this  latter  approach  (Grifman  and  Soreq, 
1997). 

2.  Feedback  overexpression  of  AChE  alters  the  balance  and  levels  of  AChE  isoforms 

The  discovery  that  stress  and  AChE  inhibitors  elicit  pronounced  and  prolonged  feedback 
expression  of  AChE-R  highlights  the  complexity  of  anticholinesterase  therapeutics  on  the  one 
hand,  and  the  need  to  understand  the  role  of  AChE-R  in  long-term  responses  to  stress  on  the 
other.  To  study  this  issue,  we  generated  transgenic  mice  overexpressing  various  AChE  isoforms. 
Mice  overexpressing  AChE-S  in  CNS  neurons  display  late-onset  cognitive  and  neuromotor 
impairments  with  features  reminiscent  of  human  neurological  diseases  (Andres  et  al.,  1997;  Beeri 
et  al.,  1995;  Beeri  et  al.,  1997).  More  recent  studies  of  transgenic  mice  overexpressing  AChE-R 
suggest  that  the  balance  between  AChE-S  and  AChE-R,  and  the  interplay  between  them,  is  itself 
important  in  mediating  long-term  effects  (M.  Sternfeld,  submitted  for  publication). 

These  studies  raise  the  question  of  whether  or  not  it  is  possible  to  devise  an 
anticholinesterase  strategy  that  does  not  promote  the  feedback  loop.  Inhibitor-mediated  enzyme 
overproduction  appears  to  be  activated  by  the  acute  cholinergic  stimulation  resulting  from  an 
abrupt  pharmacological  blockade  of  AChE  (Kaufer  et  al.,  1998).  The  inherent  instability  of 
AChE-R  mRNA  suggests  that  antisense  technology  could  be  aimed  primarily  at  AChE-R,  leaving 
AChE-S,  and  cholinergic  neurotransmission  intact.  However,  even  if  the  desired  target  will  be 
AChE-S,  it  is  likely  that  the  pharmacokinetics  of  antisense  inhibition  would  be  less  acute  and 
occur  over  a  longer  period  of  time  than  that  of  anticholinesterase  drugs.  By  preventing  only  de 
novo  synthesis,  an  antisense  oligonucleotide  inhibitor  would  be  slower-acting  in  its  depletion  of 
ACh  hydrolyzing  potential.  In  contrast  to  the  abrupt  inactivation  of  catalytic  sites  taking  place 
with  pharmacological  inhibitors,  the  slow  action  of  an  antisense  inhibitor  would  conceivably 
allow  the  target  cell  to  adapt  to  gradually  increasing  concentrations  of  ACh.  Graded  inhibition 
could  therefore  be  expected  to  minimize  or  eliminate  the  feedback  response.  Furthermore,  even  if 
antisense  inhibition  would  elicit  a  feedback  response,  the  anti-mRNA  nature  of  antisense 
blockade  is  such  that  careful  titration  of  the  oligonucleotide  dose  could  be  fine-tuned  to  suppress 
de  novo  feedback  expression  of  the  ACHE  gene. 

3.  Non-Catalytic  activities  of  AChE 

A  final  issue  to  contend  with  when  addressing  pharmacological  inhibition  of  AChE 
relates  to  recently  described  non-catalytic  morphogenic  activities  of  the  protein.  Data 
accumulated  over  the  past  decade  demonstrated  that  in  addition  to  its  long-recognized  role  in 
hydrolyzing  acetylcholine,  AChE  possesses  profound  morphogenic  effects  on  neuronal  and 
synaptic  architecture — especially  with  respect  to  neurite  outgrowth  and  cell  adhesion  properties 
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(Reviewed  by  Grisaru  et  al.,  1999;  Soreq  and  Glick,  2000).  These  activities  were  proven  to  be 
independent  of  ACh  hydrolysis  (Sternfeld  et  al.,  1998)  and  tentatively  attributed  to  sequence 
homologies  between  ACHE  and  a  family  of  cholinesterase-like  neuronal  cell  adhesion  molecules 
that  includes  Drosophila  neurotactin  and  mammalian  neuroligins  (Darboux  et  al.,  1996;  Grifman 
et  al.,  1998;  Ichtchenko  et  al.,  1996).  To  validate  the  concept  of  using  antisense  technologies  to 
control  morphogenetic  processes  in  the  nervous  system,  we  established  a  model  in  PC  12  cells 
(Grifman  et  al.,  1998).  PC  12  cells  were  stably  transfected  with  a  plasmid  carrying  a  132  base 
pair  fragment  encoding  antisense  cRNA  corresponding  to  a  sequence  in  exon  6  of  the  rat  ACHE 
gene.  Transfected  cells  displayed  pronounced  loss  of  AChE-R  mRNA  and  significant,  but  less 
dramatic,  decreases  in  mRNA  encoding  AChE-S.  Antisense  depletion  of  AChE  mRNA  was 
accompanied  by  a  marked  reduction  in  the  processes  extension  normally  accompanying  nerve 
growth  factor  (NGF)-induced  differentiation  (Figure  3).  Thus,  these  studies  demonstrated 
pronounced  antisense-mediated  effects  on  the  cytoarchitecture  of  these  cholinergic  neuron-like 
cells.  The  abnormal  antisense  phenotype  was  partially  rescued  with  exogenous  AChE,  and  by 
transfection  with  plasmids  directing  the  expression  of  either  AChE  (catalytically  active  or 
inactive)  or  neuroligin,  stressing  the  overlapping  functional  significance  of  the  cholinesterase-like 
domain  shared  by  these  proteins. 

Non-catalytic  morphogenic  activities  of  AChE  have  been  tentatively  mapped  to  the 
peripheral  anionic  site,  and  were  not  yet  shown  to  be  affected  by  the  current  anticholinesterase 
therapeutics.  Thus,  pharmacological  inhibitors  of  AChE  block  the  catalytic  activity  of  the 
enzyme,  but  do  not  necessarily  interfere  with  other  biological  activities  of  the  protein.  On  the 
contrary,  since  damaging  effects'' of  overexpressed  AChE  may  be  related  to  non-catalytic 
activities,  these  drugs  may  actually  aggravate  certain  conditions  by  elevating  the  levels  of 
catalytically  inactivated  AChE  via  the  feedback  loop.  In  that  case,  antisense  technology  would  be 
the  only  approach  to  offer  a  potential  solution  by  blocking  production  of  the  protein.  Figure  4 
summarizes  the  fundamental  differences  between  pharmacological  and  antisense-based  anti- 
AChE  drugs. 

Anti-AChE  antisense  oligonucleotides — The  state  of  the  art 

The  lure  of  highly  specific  AChE  and  BChE  inhibitors  prompted  the  initiation  of  an 
antisense  program  in  our  laboratory  shortly  after  the  mammalian  genes  were  cloned  and 
sequenced.  AChE  targeted  antisense  oligonucleotides  have  been  shown  effective  in  both  in  vitro 
and  in  vivo  paradigms,  especially  in  their  effects  on  the  hematopoietic  system  (Lev  Lehman  et  al., 
1994;  Soreq  et  al.,  1994).  Indeed,  antisense  oligonucleotides  have  played  an  important  part  in 
establishing  an  active  role  for  AChE  in  hematopoiesis,  especially  in  the  genesis  of  erythroid, 
lymphocytic,  and  megakaryocytic  lineages.  Initially,  anti-AChE  antisense  oligonucleotides  were 
prepared  in  unmodified  phosphodiester  or  fully  phosphorothioated  forms  (Patinkin  et  al.,  1990); 
then  in  partially  phosphorothioated  form.  By  restricting  phosphorothioate  modification  to  the 
three  terminal  3’  nucleotides,  cytotoxicity  was  minimized  without  loss  of  activity  (Ehrlich  et  al., 
1994).  Subsequently,  2’ -O-methyl  modified  RNA  replaced  phosphorothioate  modification  as  the 
formulation  of  choice  for  3’-capping  of  AChE  targeted  oligonucleotides  (Grisaru  et  al.,  1999). 

In  a  screen  of  7  antisense  oligonucleotides  targeted  to  various  regions  in  rodent  AChE 
mRNA,  PC  12  cells  were  shown  to  be  significantly  more  vulnerable  to  antisense  effects  following 
NGF-mediated  differentiation  than  naive  PC  12  cells  (Grifman  and  Soreq,  1997).  Using  partially 
phosphorothioate-protected  oligonucleotides  and  a  working  concentration  of  1  pM 
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oligonucleotide,  a  maximum  inhibition  of  approximately  30%  was  achieved.  Following  that 
study,  two  oligonucleotides — AS1  and  AS3 — were  selected  as  the  primary  antisense  agents  in 
our  laboratory.  Recent  experiments  using  these  two  oligonucleotides  demonstrated  even  greater 
inhibition  of  AChE  (up  to  50%)  at  100- 1000-fold  lower  concentrations  of  oligonucleotide. 
Moreover,  2’-0-methyl  protected  AS1  and  AS3  displayed  a  wide  window  of  effective 
concentrations  (0.02-200  nM)  as  compared  to  the  phosphorothioate-protected  oligos  (N.  Galyam 
and  H.  Soreq,  manuscript  in  preparation).  In  osteosarcoma  Saos-2  cells,  2nM  2'-0-methyl  capped 
antisense  oligonucleotides  achieved  pronounced  blockade  of  AChE  expression  that  was 
accompanied  by  suppressed  cellular  proliferation,  reinforcing  evidence  that  AChE  plays  an  active 
role  in  mammalian  osteogenesis  (figure  5  and  Grisaru  et  al.,  1999).  The  strong  antisense  effects 
elicited  by  extremely  low  concentrations  of  oligonucleotide  in  these  variable  systems  greatly 
reduces  the  cost  of  antisense  experiments,  and  can  be  expected  to  significantly  reduce  potential, 
unwanted  side  effects.  We  have  therefore  extrapolated  these  in  vitro  studies  to  test  low  dose 
administration  of  anti-AChE  oligonucleotides  in  vivo  in  animal  models  of  acute  psychological 
stress,  chronic  low-dose  anticholinesterase  intoxication,  myasthenia  gravis,  Alzheimer’s  disease, 
and  closed  head  injury. 

Potential  applications  of  AChE  antisense  technologies 
Anticholinesterase  poisoning: 

The  association  between  AChE  inhibitors  and  neuromuscular  impairments  (Soreq  and 
Glick,  2000;  Glick  et  al.,  2000)  suggests  a  potential  application  for  AChE-targeted  antisense 
oligonucleotides  in  treating  victirfis  of  anticholinesterase  intoxication.  Estimates  of  illness 
associated  with  occupational  exposure  to  organophosphate  (OP)  anticholinesterase  pesticides 
range  from  150,000-300,000  annually  in  the  United  States  alone  (Feldman,  1999).  Accidental 
ingestion  and  food  contamination  are  additional  sources  of  OP  intoxication  with  potential  long- 
range  health  implications.  During  the  Persian  Gulf  War,  several  hundred  thousand  American 
soldiers  received  prophylactic  doses  of  pyridostigimine  to  protect  them  against  the  threated  use  of 
chemical  warfare  by  Iraq.  Although  no  definitive  association  has  been  made  between  unexplained 
Gulf  War  Illness  and  anticholinesterases,  a  recent  Rand  Corporation  report  (Document  no.MR- 
1018/2-OSD)  prompted  the  Defense  Department  to  acknowledge  that  pyridostigmine  cannot  be 
ruled  out  as  a  possible  contributor  to  some  symptoms  experienced  by  Gulf  War  veterans. 
Notably,  muscle  weakness  is  prominent  among  the  complaints  of  some  Gulf  War  vets  (Haley  et 
al.,  1997).  In  view  of  what  we  know  about  the  AChE  feedback  loop,  the  detrimental  effects  of 
overexpressed  AChE  on  muscle,  and  the  fact  that  no  coherent  approach  has  been  taken  to  treating 
muscle  weakness  among  Gulf  War  veterans,  this  may  represent  an  appropriate  forum  in  which  to 
examine  the  utility  of  antisense  therapy  for  neuromuscular  impairments. 

Neuromuscular  disease 

Myasthenia  gravis  (MG)  is  a  debilitating  autoimmune  neuromuscular  disease 
characterized  by  fluctuating  muscle  weakness  and  progressive  deterioration  of  neuromotor 
function  (Schonbeck  et  al.,  1990).  Symptoms  affecting  MG  patients  include  drooping  eyelids, 
double  vision,  difficulty  eating  or  talking,  and  chronic  fatigue.  Episodic,  life-threatening, 
“myasthenic  crisis”  causes  respiratory  distress  which  usually  requires  intensive  care 
hospitalization.  MG  is  reported  to  affect  approximately  36,000  individuals  in  the  United  States 
(statistics  from  the  Myasthenia  Gravis  Foundation  of  America,  http://www.myasthenia.org).  It 
has  been  suggested  however,  that  MG  is  underdiagnosed  and  that  the  incidence  is  probably 
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higher.  Myasthenia  gravis  results  from  autoimmune  antibody-mediated  depletion  of  acetylcholine 
receptors  from  the  neuromusclular  junctions.  As  myasthenia  is  characterized  by  understimulation 
of  the  muscles,  AChE  inhibitors  have  proven  an  effective  palliative  treatment  for  this  disease 
(Evoli  et  al.,  1996).  The  most  commonly  used  AChE  inhibitor  for  the  treatment  of  myasthenia 
gravis  today  is  Mestinon.  Mestinon  is  the  trade  name  for  the  carbamate  AChE  inhibitor 
pyridostigmine.  Anticholinesterase  inhibitors  address  the  symptoms  of  myasthenia  gravis,  but  do 
not  slow  its  progression.  On  the  contrary,  it  has  been  suggested  that  pyridostigmine  may  actually 
contribute  to  progressive  deterioration  in  muscle  function  (Swash,  1975).  In  this  light,  it  is 
noteworthy  that  a  promising  AChE  inhibitor  for  Alzheimer's  disease  was  recently  withdrawn 
from  clinical  trials  after  some  patients  reported  muscle  weakness  (SCRIP  World  Pharmaceutical 
News.  No.  2374.  P.  19  (1998)).  In  any  case,  the  relief  offered  by  current  anticholinesterase  drugs 
is  short-lived,  and  relatively  high  doses  of  these  medications  must  be  taken  up  to  6  times  per  day 
for  many  years. 

Recently,  we  demonstrated  that  the  AChE  feedback  loop  active  in  brain  is  similarly  active 
in  muscle,  and  that  AS3  oligonucleotide  acts  to  suppress  inhibitor-induced  overexpression  of 
AChE  in  mice  (Lev-Lehman  et  al.,  2000).  In  those  experiements,  80  (J.g/kg  AS3  blocked 
anticholinesterase-induced  accumulation  of  catalytically  active  AChE  in  muscle  by  60%,  and 
largely  suppressed  the  accompanying  increase  in  motor  endplates  (Figure  6).  This  experiment 
proved  that  antisense  oligonucleotides  to  AChE  can  suppress  non-catalytic  morphogenic 
activities  of  the  enzyme  in  vivo.  In  transgenic  mice  overproducing  AChE  in  motoneurons,  we 
observed  severe  deterioration  of  muscle  structure  and  function  (Andres  et  al.,  1997),  suggesting 
that  excess  acetylcholinesterase  may  be  a  factor  in  the  deterioration  of  muscle  function  in 
myasthenic  patients.  As  AChE  inhibitors  may  exacerbate  AChE  imbalances  in  the  muscle,  the 
potential  long-term  effects  of  chronically  administered  AChE  inhibitors  should  not  be  ignored. 
Although  continued  administration  of  the  inhibitory  drug  masks  the  added  acetylcholine¬ 
degrading  activity,  it  will  not  necessarily  prevent  the  ill  effects  of  excess  non-catalytically  active 
AChE  on  muscle.  Thus,  the  feedback  loop  and  the  role  of  acetylcholinesterase  as  a  catalytically 
inert,  but  biologically  active  element  must  be  seriously  considered  in  the  development  of  new 
drugs  for  myasthenia  gravis.  In  that  case,  antisense  oligonucleotide  technology  offers  a  novel 
approach. 

Head  trauma: 

Closed  head  injury  (CHI)  is  an  important  cause  of  death  among  young  adults  (Siesjo, 
1993;  Yakovlev  and  Faden,  1995)  and  a  prominent  risk  factor  in  non-familial  Alzheimer’s 
disease  (Gennarelli  and  Graham,  1998).  Effective  emergency  strategies  must  be  developed  to 
improve  survival,  promote  recovery,  and  prevent  delayed  neurological  disorders.  Recently,  we 
observed  pronounced  accumulation  of  AChE-R  mRNA  in  cortex  of  mice  subjected  to  controlled 
head  injury  (Chen  et  al.,  1996).  A  single  post-injury  intracerebroventricular  administration  of 
only  0.5  jug  AS3  abolished  the  post-injury  accumulation  of  AChE-R  mRNA  and  the  excessive 
dendritic  growth  accompanying  it  (E.  Shohami  et  al.,  submitted).  In  trauma-sensitive  AChE 
transgenic  mice,  antisense  treatment  minimized  mortality,  facilitated  neurological  recovery  and 
protected  CA3  hippocampal  neurons.  These  findings  demonstrate  the  potential  of  antisense 
therapeutics  in  treating  acute  injury  and  suggest  antisense  blockade  of  AChE-R  for  limiting  the 
detrimental  consequences  of  various  traumatic  insults  to  the  nervous  system. 
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Neurodegenerative  disease 

Alzheimer’s  Disease  (AD)  is  a  debilitating  neurodegenerative  disease  characterized  by 
progressive  deterioration  of  cognitive  faculties  including  learning,  short-term  memory,  problem 
solving  and  abstract  thinking.  The  average  lifetime  cost  approaches  $175,000  per  patient  and  total 
AD  patient  care  amounts  to  approximately  $100  billion  per  year.  AD  currently  affects  4  million 
Americans  and  is  currently  considered  the  fourth  leading  cause  of  death  in  the  United  States 
(Statistics  from  the  Alzheimer’s  Association — http://alz.org).  The  cholinergic  theory  of 
Alzheimer’s  disease  suggests  that  the  selective  destruction  of  cholinergic  neurons  in  Alzheimer’s 
disease  results  in  a  relative  deficit  of  acetylcholine  in  brain  regions  that  mediate  learning  and 
memory  functions  (Coyle  et  al.,  1983).  The  primary  approach  to  treating  Alzheimer’s  disease  has 
therefore  aimed  to  augment  the  cholinergic  system  with  anticholinesterases.  Indeed,  the  only 
currently  approved  drugs  for  Alzheimer’s  disease  are  potent  AChE  inhibitors  (Giacobini,  1998). 
Nevertheless,  the  value  of  cholinesterase  therapy  is  limited  to  about  one  year,  and  to  mildly 
affected  patients. 

The  discovery  of  a  role  for  AChE  in  neurite  growth  is  particularly  significant  in  view  of 
the  fact  that  abnormal  neurite  projections  are  characteristic  features  of  the  Alzheimer’s  brain,  as 
are  abnormal  deposits  of  AChE  at  sites  of  senile  plaque  formation— the  principal 
histopathological  hallmark  of  Alzheimer’s  disease  (Wright  et  al.,  1993).  In  vitro,  AChE  was  even 
shown  to  mediate  the  aggregation  of  (3-amyloid  protein,  the  major  component  of  AD  plaques 
(Campos  et  al.,  1998;  Inestrosa  et  al.,  1996).  Thus,  emerging  evidence  suggests  that 
acetylcholinesterase  may  play  a  role  in  the  etiology  of  Alzheimer’s  disease  that  goes  beyond  the 
scope  of  the  cholinergic  theory.  Taking  the  feedback  loop  and  non-catalytic  activities  of  AChE 
into  consideration,  AChE  as  an  active  player  in  the  progress  of  AD  may  explain  the  overall 
disappointing  performance  of  AChE  inhibitors  in  providing  effective  long-term  relief.  Using 
surgically  implanted  cannulae  to  deliver  nanomolar  quantities  of  AS3  to  the  cerebrospinal  fluid  of 
cognitively  impaired  transgenic  mice  (Beeri  et  al.  1995),  we  are  testing  the  effects  of  antisense 
therapy  on  performance  in  behavioral  models  such  as  social  exploration  and  conditioned  taste 
aversion.  Indeed,  the  potential  applications  of  antisense  technology  to  treating  diseases  of  the 
central  nervous  system  are  enticing  (McCarthy,  1998;  Seidman  et  al.,  1999).  Nevertheless,  the 
challenge  of  bringing  oligonucleotide  therapeutics  to  AD  in  particular,  and  to  neurodegenerative 
disease  in  general  faces  yet  unresolved  technical  limitations.  Among  the  most  difficult  issues  to 
resolve  is  the  poor  transport  of  oligonucleotides  across  the  blood-brain-barrier  (Soreq  et  al., 
manuscript  in  preparation). 

Summary 

Developments  in  our  knowledge  of  the  molecular  and  cellular  mechanisms  of  action  of 
AChE  have  allowed  us  to  identify  the  inherent  limitations  of  conventional  pharmacological 
blockade  of  AChE  catalytic  activity.  These  limitations  are  based  on  the  discovery  of  non-catalytic 
activities  of  AChE  isoforms,  and  on  the  existence  of  a  feedback  loop  leading  to  overexpression  of 
AChE  following  acute  inhibition  of  enzymatic  activity.  At  the  same  time,  cloning  of  the  ACHE 
gene  opened  the  door  to  novel  strategies  to  contain  undesired  AChE  activities  based  on  antisense 
technology.  These  hand-in-hand  advances  in  AChE  basic  research  afford  us  the  opportunity  to 
think  ahead  to  the  application  of  antisense  oligonucleotides  to  future  anticholinesterase 
therapeutics.  An  antisense  approach  to  the  control  of  AChE  expression  promises  to  address  the 
heretofore  unappreciated  role  of  AChE  variants  in  the  etiology  of  disease,  something  which 
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pharmacological  approaches  have  not  yet  begun  to  explore.  Given  the  unique  challenges  of 
AChE-based  therapeutics  and  the  highly  relevant  answers  that  antisense  technology  offers  to 
these  challenges,  AChE  represents  a  promising  target  with  which  to  promote  the  development  of 
therapeutic  antisense  for  the  central  and  peripheral  nervous  systems. 
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Legends  to  Figures 

Figure  1.  Alternative  splicing  generates  AChE  variants.  Depicted  is  the  exon/intron  structure 
of  the  7  Kb  human  ACHE  gene  at  chromosomal  locus  7q22.  Exons  are  indicated  by  shaded 
boxes,  introns  by  white  boxes,  and  the  pseudo-intron  14  (4')  by  a  hatched  box.  The  extended 
ACHE  promoter  (Pr)  extends  over  17  Kb  upstream  of  the  transcription  initiation  site  and 
includes,  among  others,  consensus  regulatory  sites  for  expression  in  nervous  tissue,  muscle, 
hematopoietic  cells  and  bone.  In  addition,  the  ACHE  promoter  includes  stress  and  steroid 
hormone  response  elements.  Alternative  splicing  yields  mRNA  transcripts  carrying  the  common 
coding  exons  2-3-4,  together  with  exon  6,  intron  4’,  or  exon  5  encoding  the  synaptic  (S), 
readthrough  (R)  or  erythrocyte  (E)  AChE  variants,  respectively.  The  dotted  lines  under  the  RNA 
schemes  indicate  the  open  reading  frame  of  each  alternative  transcript.  The  catalytically  active 
core  domain  of  all  AChE  isoforms  is  derived  from  the  common  exons,  resulting  in  only  very 
small  differences  between  the  variants  in  their  affinities  for  both  substrates  and  inhibitors.  In 
contrast,  the  alternative  C-terminal  peptides  impose  diverse  biophysical  properties  upon  the 
various  isoforms  that  determine  hydrophobicity,  modes  of  oligomeric  assembly,  interactions  with 
non-catalytic  subunits  and  subcellular  localization  (Reviewed  by  Massoulie  et  al.,  1998). 

Figure  2.  Unique  properties  of  the  stress-related  readthrough  AChE.  The  C-terminal  domain 
of  AChE-R,  encoded  by  pseudo-intron  4’,  is  a  26  amino  acid,  hydrophilic  peptide  lacking  a 
cysteine  residue  necessary  for  oligomeric  assembly  (1).  When  expressed  in  microinjected 
Xenopus  tadpoles,  cDNA  encoding  AChE-R  gave  rise  to  a  catalytically  active  enzyme  that 
fractionated  almost  completely  (ca  90%)  into  the  low-salt  (LS)  as  opposed  to  detergent- 
containing  (LSD)  or  high-salt  (HS)  buffer  fraction  (2),  was  secreted  in  large  quantities  into  the 
external  medium  (3),  and  accumulated  into  epidermal  secretory  cells  rather  that  muscle  (4) 
(Seidman  et  al.,  1995).  Following  both  acute  stress  and  exposure  to  AChE  inhibitors,  AChE-R  is 
dramatically  overexpressed  in  brain  and  muscle  where  its  unique  properties  are  presumed  to 
mediate  both  long  and  short  term  physiological  stress  responses. 

Figure  3.  Antisense  AChE  cRNA  arrests  neurite  extension-Proof  of  Concept.  PC  12  cells 
stably  expressing  a  132  bp  fragment  from  the  rat  ACHE  gene  in  the  antisense  orientation  display 
dramatically  reduced  levels  of  AChE  mRNA  as  determined  by  RT-PCR  (A)  and  80% 
suppression  of  AChE  catalytic  activity  (B).  Note  the  extreme  sensitivity  of  AChE-R  mRNA  to 
antisense-mediated  downregulation  compared  to  AChE-S  mRNA.  NGF-Process  extension  is 
prominently  blocked  by  antisense  AChE  cRNA  (C),  attributing  a  morphogenic  role  to  AChE  in 
differentiating  PC  12.  When  grown  on  a  collagen  matrix  infused  with  purified  recombinant 
human  AChE  (rhAChE),  the  neurite-deficient  phenotype  was  partially  reversed  (D).  When  re¬ 
transfected  with  DNA  encoding  either  catalytically  active  or  inactive  AChE-S,  or  neuroligin, 
partial  recovery  was  also  observed  (E).  These  studies  reinforced  the  notion  that  AChE  shares 
overlapping,  non-catalytic  activities  with  neuroligin-related  cell  adhesion  proteins,  and  suggest 
that  antisense  oligonucleotides  may  one  day  be  used  to  intervene  in  stress  or  AChE  inhibitor- 
induced  changes  in  neuronal  architecture.  Figure  after  Grifman  et  al.,  1998. 

Figure  4.  Antisense  oligonucleotide  approach  to  anti-AChE  drug  therapy.  AChE  displays 
two  independent  types  of  biological  activities.  Some  activities  depend  on  the  hydrolysis  of 
acetylcholine;  others,  on  non-enzymatic  features  of  the  protein  that  are  presumed  to  mediate  cell 
adhesion  processes.  Conventional  pharmacology  targets  the  enzyme’s  catalytic  activity  by  either 
blocking  access  of  substrate  to  the  active  site,  or  by  inactivating  the  catalytic  triad  through  the 


15 


formation  of  non-regenerating  enzyme  intermediates.  Commonly  used  therapeutic  AChE 
inhibitors  do  not  differentiate  between  AChE  isozymes  and  do  not  inhibit  the  non-catalytic 
activities  of  the  protein.  In  contrast,  antisense  oligonucleotides  targeting  AChE  mRNA  block  de 
novo  synthesis  of  AChE  protein,  thereby  blocking  both  its  catalytic  and  non-catalytic  activities. 
The  low  cellular  abundance  AChE  mRNA,  the  high  specificity  of  antisense  agents,  and  the 
differential  stabilities  of  the  various  alternative  AChE-encoding  mRNAs,  allows  the  use  of  very 
low  doses  of  oligonucleotides  to  target  specific  AChE  isoforms. 

Figure  5.  Antisense  oligonucleotides  suppress  AChE  activity  in  osteogenic  Saos-2  cells. 

Human  osteosarcoma  Saos-2  cells  were  grown  in  the  presence  of  anti-AChE  oligonucleotides  for 
12  hrs  and  subjected  to  either  histocytochemical  staining  for  catalytically  active  AChE  (middle 
panel)  or  in  situ  hybridization(right  panel)  with  a  probe  detecting  all  AChE  mRNAs.  DAPI  was 
used  to  mark  the  nuclei  of  cells  stained  for  AChE  activity  (left  panel).  Confocal  microscopy  was 
used  to  document  and  quantify  the  in  situ  hybridization  data  as  represented  in  the  bar  graph  to  the 
right.  AS1  and  AS3  denote  20-mer  antisense  oligonucleotides  with  a  3’,  2’-0-methyl  cap  (last  3 
nucleotides)  targeting  different  regions  within  exon  2  in  the  ACHE  gene  (Grifman  et  al.,  1997; 
Grisaru  et  al.,  1999).  ASB  is  a  control,  15-mer  antisense  oligonucleotide  targeting  the 
homologous  enzyme  butyrylcholinesterase.  Proliferation  of  Saos-2  cells,  as  determined  by  BrdU 
incorporation  was  increased  by  25%  under  AS1  treatment,  supporting  a  role  for  AChE  in 
osteogenic  development. 

Figure  6.  Antisense  blockade  of  anticholinesterase-induced  synaptic  proliferation.  Adult 
FVB/N  mice  received  4  consecutive  daily  i.p.  injections  with  diisopropylfluorophosphonate 
(DFP),  a  potent  irreversible  AChE  inhibitor,  with  or  without  co-administration  of  AS3  (80 
(Ig/Kg).  Two  weeks  later,  diaphragm  muscles  were  excised  and  histochemically  stained  for 
AChE  as  a  marker  of  motor  endplates.  DFP  alone  promoted  feedback  elevations  in  AChE  activity 
as  determined  in  homogenates,  neurite  outgrowth  (not  shown)  and  proliferation  of  small 
endplates.  Coadministration  of  partially  2’-0-methyl  protected  AS3  restrained  feedback 
overexpression  of  AChE  and  partially  blocked  proliferation  of  motor  endplates.  These 
experiments  suggest  the  application  of  antisense  technology  to  diseases  of  the  neuromuscular 
junction  such  as  myasthenia  gravis  and  for  the  prevention  of  delayed  muscle  weakness  associated 
with  accidental  or  occupational  exposure  to  AChE  inhibitors.  Figure  after  Lev-Lehman  et  al., 
2000,  In  press. 
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Overview 

The  acetylcholine  (ACh)  hydrolysing  enzyme  acetylcholinesterase  (acetylcholine 
acetyl  hydrolase,  EC  3. 1.1. 7,  AChE)  has  long  been  known  for  its  catalytic  role  in 
terminating  cholinergic  neurotransmission.  Over  the  past  few  years,  molecular  cloning, 
genetic  engineering  and  antisense  studies  have  widened  the  scope  of  AChE’s 
involvement  in  the  development,  maintenance  and  decline  of  mammalian  brain 
functioning  beyond  the  cholinergic  system.  Alternative  splicing  at  the  3’  end  of 
AChEmRNA  transcripts  was  found  to  modify  the  C-terminal  peptides  of  their  protein 
products,  define  their  multimeric  assembly  and  determine  their  subcellular  localization. 
In  addition  to  ACh  hydrolysis,  each  of  the  two  main  brain  AChE  variants  was  shown  to 
possess  distinct,  catalytically-independent  structural  functions:  the  synaptic  variant 
AChE-S  induces  process  extension  from  neurons  and  glia  and  affects  synapse 
properties  whereas  the  synaptically-inert  “readthrough”  AChE-R  variant  dominantly 
arrests  glial  process  extension.  Dramatic  increases  occur  in  the  AChE-R:  AChE-S  ratio 
following  stress.  At  the  short-term  range  (minutes  to  hours)  this  assists  in  down-tuning 
excessive  cholinergic  hyperexcitation  through  the  catalytic  activity  and  accessibility  of 
AChE-R;  at  the  long  range  (months)  AChE-R  attenuates  neurodeterioration,  most 
likely  through  its  structural  capacity  to  compete  with  the  neurodeterioration- 
accelerating  role(s)  of  AChE-S.  AChE’s  transcriptional  regulation  and  alternative 
splicing  therefore  provide  both  immediate  and  long-lasting  balancing  functions  which 
protect  the  mammalian  brain  from  the  adverse  consequences  of  acute  traumatic  stress. 

Heterologous  expression  studies  demonstrate  structural  functions  of  AChE 
Variants 

Early  studies  reported  that  externally  added  AChE  enhances  neurite  growth  (for  a 
recent  review  see  Grisaru  et  al.1).  Findings  obtained  through  use  of  AChE  inhibitors 
further  suggested  a  mechanism  for  this  morphogenic  function  that  does  not  involve 
catalytic  activity  of  AChE.  However,  it  remained  unclear  whether  each  and  every  one 
of  the  variant  AChE  enzyme  forms  could  promote  neurite  process  extension.  These 
difficulties  were  overcome  in  studies  of  several  groups,  including  ours,  which 
employed  cells  or  organisms  overexpressing  the  various  forms  of  AChE  and/or 
exposed  to  antisense  sequences  designed  to  reduce  the  levels  of  particular  AChE 
variants. 

In  murine  neuroblastoma,  transfection  with  murine  AChE  cDNA  induced  neurite 
growth  and  increased  the  percentage  of  neurite-bearing  cells.  Both  phenomena  were 
reversed  by  addition  of  a  polyclonal  AChE  antiserum  or  by  transfection  with  an 
antisense  AChE  cDNA^.  In  rat  glioma,  both  DNA  microinjections  and  stable 
transfections^  demonstrated  distinct  effects  for  the  individual  AChE  isoforms  on 
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cellular  development  and  astrocyte  morphology.  C6  glioma  cells  transfected  with 
human  AChE-S,  displayed  enhanced  process  growth  and  branching  as  compared  with 
control  cells.  In  contrast,  stable  transfections  with  human  AChE-R  induced  dominant 
appearance  of  small,  round  cells  with  no  processes. 

Together,  these  studies  suggested  that  variable  expression  levels  and  alternative 
splicing  of  the  ACHE  gene  could  affect  both  neuronal  and  glial  development  in  a 
manner  dependent  on  the  expressed  variant.  The  capacity  of  AChE-S  to  affect  neurite 
growth  was  further  demonstrated  in  cultured  spinal  neurons  of  Xenopus  laevis 
embryos.  Different  variants  of  human  AChE^,  were  transiently  expressed  from 
microinjected  human  AChE  cDNA  vectors  during  the  blastula  stage.  Spinal  neurons 
cultured  one  day  later  and  overexpressing  AChE-S  displayed  significantly  faster 
growth  rate.  However,  neurons  overexpressing  AChE-R  or  a  truncated  AChE  from 
which  the  natural  C-termini  were  depleted  displayed  no  growth  changes.  The  Xenopus 
system  was  also  used  to  test  a  mutated  form  of  AChE-S,  incapable  of  hydrolyzing 
ACh.  This  catalytically  inactive  AChE  displayed  similar  neuritogenic  effect  as  the 
active  enzyme,  directly  demonstrating  that  the  effect  of  AChE  on  neurite  outgrowth  is 
unrelated  to  its  catalytic  activity.  In  phaeochromocytoma  PC  12  cells,  antisense 
suppression  of  AChE  resulted  in  impaired  neurite  growth  upon  differentiation 
mediated  by  nerve  growth  factor^.  This  phenomenon  could  be  reversed,  at  least 
partially,  by  heterologous  expression  of  active  or  inactive  human  AChE-S.  Moreover, 
the  AChE-homologous  and  catalytically  inactive  protein  neuroligin-l^  also  rescued 
neurite  growth  from  antisense  oligonucleotide-treated  PC  12  cells,  showing  again  that 
this  function  of  AChE  does  not  require  ability  to  hydrolyze  AChE.  Fig.  1  illustrates  the 
corresponding  structural  hypothesis,  based  on  the  homology  of  AChE  with  known  cell¬ 
cell  adhesion  proteins  and  explaining  its  previously  surprising  capacity  to  transduce 
growth  signals  through  competition  with  these  proteins. 

Another  structural  function  of  AChE  refers  to  its  effects  on  neuromuscular  junction 
(NMJ)  development  in  vivo.  Electron  micrographs  of  myotome  NMJs  of  AChE-S 
overexpressing  Xenopus  embryos  showed  significant  NMJ  enlargement.  Both  post- 
synaptic  length  measurements  and  elevated  cytochemical  AChE  staining  were 
increased  as  compared  to  controls^*®.  In  this  case,  embryos  expressing  a  C- terminally 
truncated  variant  of  human  AChE  (E4)  also  had  larger  NMJs.  However,  NMJs  of 
inactive-AChE-S  expressing  embryos  were  not  different  in  size  from  control  NMJs, 
showing  that  catalytic  activity  but  not  the  variant  C-terminus  is  necessary  for  this 
junction  of  AChE  in  NMJ  development^.  Human  AChE-R  overexpression  did  not  lead 
to  AChE  accumulation  in  the  NMJ,  neither  did  it  cause  its  enlargement^.  This 
suggested  that  the  physical  association  with  synaptic  membrane  was  a  necessary 
prerequisite  for  this  NMJ  morphogenic  function.  These  experimental  results  are 
summarized  in  Table  1. 

The  structural  functions  of  AChE  variants  involve  protein-protein  interactions 

The  differentiation  and  proliferation  effects  of  AChE  variants  have  been  demonstrated 
in  numerous  experimental  systems  and  by  many  laboratories.  By  now,  they  are 
considered  firmly  established  functions! .  However,  the  mechanism(s)  by  which  the  C- 
terminal  variants  of  AChE  signal  their  morphogenic  functions  remain  to  be  elucidated. 
Genome  database  analyses  demonstrate  significant  sequence  identity  between  the  core 
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domain  of  AChE  and  several  non-catalytic  proteins  that  have  well-defined  cell-cell 
adhesion  roles.  These  include  mammalian  thyroglobulin  and  neuroligins^  0  and 
Drosophila  gliotactin,  glutactin  and  neurotactins^"^.  This  suggested  that  the 
structural  effects  of  AChE  variants  could  potentially  reflect  competition  between  the 
variants  themselves  or  between  them  and  their  homologs  on  the  binding  partners 
demonstrated  for  these  homologs.  It  further  seemed  plausible  that  the  variant-specific 
C-termini  of  AChE  can  modulate  such  competitive  interactions. 

At  the  extracellular  sites,  the  binding  partners  of  AChE  can  possibly  interact  with 
transmembrane  proteins  of  the  neurexin  family  like  the  partners  of  gliotactin  and 
neurotactinsl^.  Intracellularly,  such  partner  proteins  can  interact  and  transduce 
intracellular  signals  through  their  PDZ  motifs^.  Cytoskeletal  elements,  such  as 
proteins  of  the  band  4.1  family  could  serve  as  the  downstream  targets  for  these 
signals^.  Proteolytic  removal  of  competitors  could  also  be  involved:  a  recent 
review  17  suggests  that  control  of  many  morphogenic  functions  may  be  effected  via 
proteolysis  by  matrix  metalloproteins  (MMPs).  These  are  known  to  regulate  cell-cell 
adhesion,  and  can  convert  proteolytically  susceptible  ectoproteins  into  cell  adhesion 
elements.  Both  secretory  and  membrane-associated  AChE  variants  should  be 
considered  ectoproteins,  their  cell  adhesion  activity  being  determined  by  their 
characteristic  C-termini  and  perhaps  modulated  by  an  MMP.  It  is  therefore  tempting  to 
speculate  that  cell  adhesion  properties  are  regulated  by  these  actions  of  MMPs  on 
AChE  variants  and/or  their  structural  homologs.  The  fact  that  truncated  AChE  has  been 
detected  in  vivo 4  and  the  most  recently  discovered  activities  for  the  C-terminal 
peptides  cleaved  off  AChE  (Grisaru  D.  et  al.,  unpublished  observations)  suggest  that 
this  hypothesis  may  have  a  basis  in  reality. 

The  link  of  AChE  variants  to  the  shift  from  acute  stress  to  neurodegeneration 

Acute  traumatic  stress  increases  the  risk  for  neurodegeneration  in  the  mammalian 
brain  19,  ^ue  both  inherited  and  acquired  origins20>21  The  accepted  notion  is 
that  responses  to  acute  stress  are  beneficial  in  the  short  term.  However,  in  some  cases, 
acute  stress  leads  to  long  range  neurodegeneration22.  For  example,  the  physical  stress 
of  closed  head  injury  is  the  largest  risk  factor  known  for  non- familial  Alzheimer’s 
disease  19,21  Another  example  is  post-traumatic  stress  disorder  (PTSD),  in  which 
exposure  to  acute  stress  initiates  neurodegeneration  in  certain  individuals  through  a  yet 
unknown  cascade  of  events^.  The  transition  from  acute  stress  to  neurodegeneration  is 
not  understood  and  should  involve  an  interplay  between  factors  which  are 
constitutively  expressed,  such  as  AChE-S  and  modulator(s)  which  are  upregulated 
following  stress.  An  intriguing  candidate  for  such  modulators  is  AChE-R,  which  is 
upregulated  following  acute  psychological  or  chemical  stress^, 24  an(j  js  involved 
both  in  AD  an  in  PTSD. 

AChE  involvement  in  Alzheimer’s  disease 

The  primary  site  for  mammalian  AChE-S  are  cholinergic  neurons.  This  may  explain 
why  changes  in  AChE  levels  and  properties  have  been  reported  to  be  associated  with 
several  neurodegenerative  diseases.  These  include  AD,  a  devastating  degenerative 
disorder  of  the  central  nervous  system  (CNS)  that  results  in  a  progressive  deterioration 
of  cognitive  function  and  severe  alteration  of  personality.  Degeneration  of  cholinergic 
neurons  primarily  takes  place  in  the  nucleus  basalis  of  Meynert  (NBM),  the  origin  of 
the  major  cholinergic  projections  to  the  neocortex.  This  occurs  early  in  the  course  of 
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AD,  and  parallels  both  the  cognitive  decline^  and  neuronal  and  synaptic  loss. 
However,  appearance  in  the  AD  brain  of  amyloid-containing  plaques  and 
neurofibrillary  tangles^  cannot  be  accounted  for  by  cholinergic  deficiencies  alone  and 
the  deficits  observed  in  AD  undoubtedly  include  damages  in  other  neurotransmitter 
systems.  Since  complex  interactions  between  such  diverse  systems  play  a  vital  role  in 
maintaining  cognitive  processing,  a  wider  view  of  AD  has,  in  the  past  decade,  justly 
diverted  interest  from  the  catalytic  role  of  AChE  in  this  disease.  However,  the  recently 
established  structural  role(s)  of  AChE  extend  beyond  cholinergic  neurons  alone  and 
should  be  relevant  to  many  different  types  of  neurons.  For  example,  neuroligin  has 
recently  been  identified  in  excitatory,  most  likely  glutamatergic  synapses^^. 
Therefore,  viewing  AChE  as  a  multifaceted  protein  with  cell-cell  interaction  capacities, 
calls  for  a  reconsideration  of  our  understanding  of  the  involvement  of  specific  AChE 
variants  in  the  neurodegenerative  processes  of  AD. 

Particular  emphasis  has  been  directed  toward  the  involvement  of  cholinesterases 
(AChE  and  butyrylcholinesterase;  BuChE)  during  the  early  stages  of  AD  plaque 
formation^.  Catalytically  active  AChE  protein  was  also  found  in  the  neurofibrillary 
tangles  and  in  the  amyloid-positive  vessels^  where  it  presents  a  laminar 
distribution^.  However,  none  of  these  studies  addressed  the  distinction  between  the 
various  AChE  variants  in  the  disease  process,  primarily  because  no  tools  were  yet 
available  for  that.  Moreover,  the  cellular  origin  of  AD  has  remained  unclear. 
Neuronal,  as  opposed  to  glial,  distribution  of  cholinesterases  has  been  reported  in  AD 
brains^l.  Yet,  the  substrate  and  inhibitor  specificities  of  AChE  found  in  plaques  and 
tangles  resemble  those  of  glial  cholinesterases.  It  was  therefore  suggested  that  glial 
cells  are  the  main  source  of  AD  plaque  cholinesterases  and  that  amyloid  precursor 
plaques  by  themselves  do  not  contain  the  cholinesterase  activity^.  More  recently, 
Inestrosa  and  co-workers  have  demonstrated  in  vitro  AChE-promoted  aggregation  of 
amyloid  plaques  that  was  not  associated  with  the  active  site  of  the  enzyme^.  This 
raised  the  possibility  that  catalytically  inactive  AChE,  which  could  not  be  detected  by 
the  employed  techniques,  could  also  be  involved. 

The  intriguing  link  between  cholinergic  dysfunction  in  the  basal-cortical  system,  AChE 
accumulation  in  amyloid  plaques  and  cognitive  deficits,  have  initiated  multiple  efforts 
to  elucidate  the  role  of  AChE  in  cognition  and  neurodegeneration^S.  Most  effort  was 
centered  on  the  use  of  AChE  inhibitors  to  facilitate  what  remained  in  the  AD  brain  of 
cholinergic  function.  In  animal  experiments,  systemic  administration  of 
anticholinesterases  partially  and  temporarily  reversed  cognitive  deficits  (see,  for 
example^).  Clinical  trials  have  therefore  been  carried  out  using  quaternary,  carbamate 
and  organophosphate  cholinesterase  inhibitors.  Multicenter  clinical  trials  of 
tetrahydroaminoacridine  (tacrine)^,  donepezil36?  physostigmine^^,  and 
rivastigmine^S  provided  evidence  for  limited,  temporary  improvement  in  cognition  of 
AD  patients  treated  with  these  drugs.  At  present,  palliative  anticholinesterases  are  the 
only  drugs  approved  for  use  in  treating  AD  patients.  However,  their  effects  are  limited 
at  best  and  relatively  short-lived.  Some  drugs  (e.g.  tacrine),  further,  cause  adverse 
outcome.  Therefore,  exploration  of  the  molecular  mechanism(s)  which  underlie  anti¬ 
cholinesterase  responses  can  yield  important  information  also  at  the  clinical  level. 
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Involvement  of  AChE  and  anti-cholinesterases  in  stress  responses 
PTSD  is  a  clinically  recognized  syndrom  reflecting  a  highly  variable  array  of 
neuropsychiatric  and  physical  symptoms^.  PTSD  includes  both  neuropathological 
and  cognitive  characteristics,  among  them  delayed  cognitive  deterioration,  depression, 
irritability,  persistent  deficits  in  short-term  memory  and  even  reduced  hippocampal 
volume™.  The  similarity  in  symptoms  suggested  that  common  mechanism(s)  may  be 
involved  in  PTSD  and  anti- AChE  responses^.  Because  anticholinesterases  interact 
with  the  core  domain  of  AChE,  there  was  initially  no  indication  that  alternative 
splicing  could  be  involved.  However,  that  early  impression  changed  rapidly. 

Both  anticholinesterase  exposure  and  acute  psychological  stress  of  forced  swimming 
disrupt  the  blood-brain  barrier,  inducing  efficient  brain  penetrance  of  anti-AChEs^O. 
The  consequent  inhibition  of  AChE  facilitates  a  rise  in  ACh  levels  and  induces  a 
cascade  of  c-ybs-mediated  transcriptional  responses  which  are  dependent  on 
intracellular  accumulation  of  Ca++23.  These  responses  involve  the  “cholinergic 
locus”41,  where  the  genes  for  choline  acetyltransferase  and  the  vesicular  ACh 
transporter  are  located.  The  expression  of  these  genes  is  repressed  in  parallel  to  ACHE 
overproduction,  leading  to  decreased  ACh  levels.  This  suppression,  seen  both  in  vivo 
and  in  brain  slices,  down-tunes  the  excessive  cholinergic  neurotransmission  that  is 
characteristic  of  stress.  This  is  accompanied  by  drastic  changes  in  neurophysiological 
and  neuroanatomical  properties  considered  to  be  associated  with  memory  (reviewed  by 
Kaufer  and  Soreq42).  in  numerous  animal  models,  suppression  of  long-term 
potentiation,  enhancement  of  long-term  depression,  and  changes  in  dendrite 
morphology  were  all  observed  following  exposure  to  anti-cholinesterases^^ .  AChE 
overexpression  may  therefore  take  part  in  this  process  and  protect  the  brain  from 
sustained  hyperexcitability  and  from  increased  susceptibility  to  seizure  activity  and 
neuronal  toxicity.  However,  the  consequences  of  prolonged  AChE  overexpression  on 
cholinergic  neurotransmission  remained  unclear.  Also,  the  pattern  of  this 
overexpression  dictated  a  change  in  the  AChE-R:  AChE-S  ratio  which  called  for 
exploration. 

Within  30  min  post-exposure  to  an  anticholinesterase  or  to  acute  psychological  stress, 
alternative  splicing  specifically  leads  to  the  accumulation  of  the  AChE-R  isoform. 
This  secretory  form  of  the  enzyme  would  not  be  expected  to  accumulate  at  synapses^ 
or  alter  their  structure^.  Unlike  the  usually  abundant  AChE-S  variant,  overproduction 
of  AChE-R  would  be  expected  to  reduce  process  formation,  at  least  from  astrocytes^. 
This  suggested  distinct  structural  roles  for  the  “synaptic”  AChE-S  isoform  and  the 
soluble  AChE-R  variant  in  post-traumatic  stress.  A  soluble  form  of  AChE  is  best 
suited  to  reduce  the  excessive  ACh  accumulation  associated  with  the  stress- 
characteristic  hyperexcitation.  This  pointed  at  this  isoform  as  most  appropriate  for  the 
immediate  needs  of  the  acutely  stressed  brain,  but  left  the  issue  of  its  potential  long¬ 
term  effects  unanswered. 

To  address  this  subject,  transgenic  mice  were  created  which  overexpress  either  AChE- 
S  or  AChE-R.  Higher  than  normal  levels  of  AChE-S  in  brain  neurons,  achieved  under 
control  of  the  minimal  600  bp  authentic  human  ACHE  promoter,  lead  to  progressive 
deterioration  in  cognitive^, 45  an(j  neuromotor  faculties46.  in  contrast,  AChE-R 
accumulation  left  NMJ  functioning  intact  (Soreq  H.  et  al.,  unpublished  observations) 
and  protected  the  mouse  brain  from  the  appearance  of  age-dependent 
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neurodeterioration  phenomenae  (Stemfeld  M.  et  al.,  unpublished  observations).  This 
highlights  the  benefits  of  the  elevation  of  AChE-R  levels  post-stress  for  long-term 
protection.  Neuropsychiatric  stress-induced  symptoms  are  often  reported  years  after 
acute^?  or  chronic^  exposure  to  anticholinesterases.  This  raises  a  concern  that  the 
AChE-S  isoform  may  be  involved  in  other  human  mental  disorders  as  well.  The 
extensive  and  growing  use  of  several  FDA-approved  anticholinesterases  for  the 
treatment  of  AD^9?  the  arguable  use  of  the  anticholinesterase  pyridostigmine,  for 
prophylactic  protection  under  the  threat  of  chemical  warfare™,  and  the  recent 
withdrawal  of  investigational  anti  AChEs  from  further  development  due  to  adverse 
symptoms  (SCRIP  World  Pharmaceutical  News  No.  2374,  pg.  19;  1998)  emphasize  the 
importance  of  this  issue. 

AChE-R  involvement  in  preventing  neurodegeneration 

Two  major  phases  in  post-stress  responses  may  require  AChE-dependent  modulation. 
These  are  the  short-term  phase  (minutes  to  hours),  when  cholinergic  neurotransmission 
should  be  suppressed,  and  the  long-term  phase  (months  to  years),  when  the  risk  for 
neurodegeneration  materializes:  It  is  interesting  to  note  that  AChE-R  can  answer  at 
least  part  of  the  brain’s  needs  for  balancing  at  both  these  phases,  and  that  both  its 
catalytic  and  structural  properties  match  these  purposes.  In  this  context,  the  rapid 
accumulation  and  easy  accessibility  of  the  soluble  AChE-R  provide  the  means  for 
immediate  down-regulation  of  hyperexitation,  whereas  its  competent  competitiveness 
with  AChE-S  on  its  structural  functions  protects  the  brain  from  neurodeterioration. 
That  most  neurons  produce  AChE  during  development  but  not  during  adulthood^  and 
the  stress-induced  increases  in  ACHE  gene  expression,  together  may  suggest  an 
association  of  AChE  with  neuronal  plasticity.  Thus,  AChE  may  take  part  not  only  in 
the  normal  development  of  mammalian  neurons  but  also  in  controlling  their  capacity  to 
respond  to  external  insults. 

Alternative  splicing  and  stress  induced  neuronal  activity 

The  dramatic  modulation  of  AChE  variants  under  acute  stress  raises  a  more  general 
question,  namely,  to  what  extent  does  alternative  splicing  change  under  stress  induced 
alterations  of  neuronal  activity  and  are  such  changes  functionally  relevant.  Search  of 
the  recent  literature  demonstrates  that  neuronal  activity  does  have  a  considerable  effect 
over  alternative  splicing,  which  is  perhaps  due  to  the  rapid  fluctuation  in  the 
concentration  of  intracellular  ions  that  is  induced  during  neurotransmission. 
Altogether,  alternative  splicing  emerges  over  the  past  decade  as  a  major  mechanism  of 
neuronal  response  to  external  stimuli.  Neurons  are  especially  adapted  for  rapid 
modulations  in  alternative  splicing  and  include  several  families  of  neuron-specific 
RNA  binding  proteins,  for  example  ELAV  and  ELAV-related  proteins^!  and  Sm/N 
proteins^.  The  potential  contribution  of  neuronal  activity-dependent  alternative 
splicing  toward  plasticity-related  properties  such  as  learning  and  memory  has  been 
reviewed  by  Bailey  et  al.53. 

In  several  cases,  neuronal  activity-dependent  changes  in  alternative  splicing  can 
introduce  C-terminal  changes  in  the  produced  proteins.  This  can  occur,  as  it  does  in 
the  case  of  ACHE-R,  through  the  insertion  of  a  "readthrough"  pseudointron  thereby 
changing  the  sequence  encoding  the  C-terminus  and/or  introducing  stop  codons. 
Modified  C-termini  have  been  shown  to  create  altered  partially  functional  receptors^, 
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change  ligand  affinity^  or  produce  inactive,  truncated  variants^.  in  addition, 
neuronal  activity-dependent  alternative  splicing  has  been  shown  to  modify  signalling 
peptides  57  and  change  the  properties  of  vesicle  coat  proteins^  and  ion  channels^. 
In  conjunction  with  the  alternative  splicing  of  many  transcription  factors^,  this  yields 
an  intricate  picture  of  complex,  multileveled  control  of  neuronal  gene  expression  under 
modified  excitability. 

Alternative  splicing  under  changes  in  cholinergic  neuro transmission  was  subject  to 
special  attention.  For  example,  the  muscarinic  cholinergic  agonist  pilocarpine,  which 
induces  seizures  when  systemically  administered,  modulates  the  splicing  patterns  of 
the  tra2-(i  splicing  factor,  NMDAR1  and  clathrin  B  genes^S, 5 9  These  cholinergic 
excitation-dependent  changes  are  brain-region  specific,  transient  and  reversible  within 
48  hours59.  in  principle,  alternative  splicing  is  at  least  partially  modulated  by  SR  or 
SR-like  proteins^!.  The  SR  family  includes  serine-arginine  RNA-binding  proteins  that 
recognize  purine-rich  exon-enhancer  motifs62  surrounding  relatively  weak  splice  sites. 
Other  RNA  binding  factors  may  also  be  involved,  for  example  ASF  63  or  SF2^.  The 
modulations  in  alternative  splicing  are  quite  specific,  as  NMDA1R  is  selectively 
modified  by  pilocarpine  induced  seizures^. 

Many  of  the  splicing  changes  induced  by  neuronal  activity  appear  to  be  functionally 
relevant.  Thus  the  neuron- specific  exon  of  clathrin  light  chain  B,  involved  in  the 
intracellular  transport  of  coated  vesicles,  is  influenced  by  the  splicing  factor  htra2-|3  1 
which  is  itself  modulated  by  neuronal  activity^.  Also,  the  KV3.1a  potassium  channel 
transcript,  which  changes  the  K+  rectifier  currents,  is  subject  to  bEGF  and  protein 
kinase  C  regulation,  and  thus  affects  neuronal  response  to  external  stimuli^. 

Recent  genetic  screening  unraveled  significant  association  between  mutations  that 
prevent  alternative  splicing  options  and  neurodegenerative  disease,  which  emphasizes 
these  splices  options  as  essential  for  attenuating  neurodegeneration.  For  example,  5’ 
splice  site  mutations  in  the  microtubuli-associated  tau  gene  are  associated  with  fronto¬ 
temporal  dementia  and  parkinsonism  linked  to  chromosome  1 766,67  Another  example 
involves  the  Ataxia-telangiectasia  ATM  gene,  which  increases  the  risk  for 
neurodegeneration.  The  ATM  gene  is  subject  to  complex  modulation  of  5’  and  3’ 
alternative  exons  under  environmental  stimuli  and  various  changes  in  cellular 
physiology^,  suggesting  involvement  of  these  changes  with  ATM-induced 
neurodeterioration.  Also,  overexpression  of  specific  splice  variants  of  human  tyrosine 
hydroxylase  mRNA  is  associated  with  progressive  supranuclear  palsy^^,  and  chronic 
exposure  to  the  neurodegenerration  inducer  ethanol  induces  differential  changes  in  the 
alternative  splicing  pattern  of  AMPA  receptors70.  Altogether,  these  studies 
demonstrate  tight  involvement  of  alternative  splicing  and  consequent  signal 
transduction  processes  in  neuronal  placticity  following  stress. 

Roles  of  AChE  variants  in  neuronal  development  and  deterioration 

Our  findings  indicate  causal  involvement  of  specific  AChE  variants  in  neuronal 
plasticity  and  the  factors  that  influence  it.  Interestingly,  several  observations 
differentiate  between  the  potential  effects  of  these  variants  in  neuronal  development 
and  deterioration.  Thus,  AChE-S,  but  not  AChE-R  promotes  neurite  growth^  and  glial 
process  extension^.  However,  when  persistently  overexpressed,  AChE-S  also  induces 


7 


progressive  dendrite  depletion  and  spine  loss^5.  in  the  mouse  brain,  AChE-S  facilitates 
corkscrew  deformities,  neurite  retraction  balls  and  reactive  gliosis  whereas  AChE-R 
attenuates  the  appearance  of  all  these  deterioration  characteristics  (Stemfeld  M.  et  al., 
unpublished  observations).  This  dual  effect  is  not  exceptional,  as  several  key  proteins 
display  such  seemingly  opposing  effects.  For  example,  NGF  induces  both  excessive 
axon  outgrowth  and  decreased  terminal  innervation^  1.  Likewise,  NF-KB  modulates 
both  neurodeterioration  and  neuroprotection^.  These  distinctions  call  for  exploring 
the  effects  of  AChE  variants  on  neuronal  plasticity,  which  would  be  relevant  both  in 
the  CNS  and  the  peripheral  nervous  system. 

In  both  developing  and  adult  neurons,  enhanced  activity  induces  rapid  yet  long-lasting 
changes  in  gene  expression^, 74  However,  the  nature  and  the  extent  of  such 
induction  may  differ  substantially.  Rapidly  affected  genes  include  activity-inducible 
transcription  factors,  which  turn  on  cascades  of  downstream  target  genes^  as  well  as 
neurotrophic  factors  and  signalling  molecules  76  These  are  presumably  involved  in 
stabilizing  both  long-term  potentiation  (LTP77)  and  long-term  depression  (LTD78)  in 
the  hippocampus.  As  indicated  from  the  apparently  opposing  nature  of  these 
physiological  processes,  many  of  the  induced  genes  (e.g.  c-Jun)  display  intricate 
balance  roles  between  protective  and  damaging  effects79.  while  the  detailed 
signalling  pathways  have  not  yet  been  defined,  several  key  elements  have  been 
identified  (e.g.  trkB^O  cAMP-dependent  kinase^l,  BDNF  and  NT3^7). 

The  apparent  distinction  between  development  and  neurodeterioration  processes  is 
emphesized  under  acute  conditions.  Thus,  adult  neurons  undergo  extensive  and 
continual  adaptation  in  response  to  external  insults;  they  also  confront  conditions  that 
are  quite  different  from  those  of  early  development^.  in  view  of  the  cumulative 
information  on  AChE  gene  expression  and  its  morphogenic  effects,  involvement  of 
AChE  variants  may  be  explained  in  the  survival,  growth  and  neurotransmission 
capacity  of  both  developing  and  adult  neurons  in  both  the  central  and  peripheral 
systems.  This  refers  especially  to  simpathetic  neurons,  since  adrenergic  and  cholinergic 
neurons  in  the  sympathetic  system  are  considered  to  share  a  common  progenitor^. 

Despite  the  contrasting  needs  of  different  phases  in  neuronal  life,  common  elements 
are  involved  in  the  mechanisms  of  plasticity  in  both  phases.  In  both  cases,  for 
example,  dendrite  morphology  is  affected^.  Interactions  between  neurons  and  their 
targets,  whether  effector  cells  (e.g.  astrocytes,  microglia),  other  neurons  or  target 
tissues  (e.g.  muscle)  are  vital  to  all  of  these  aspects  of  neural  plasticity,  which  extends 
to  the  level  of  neurotransmitter  plasticity^. 

Developing  neurons  require  access  to  target-derived  diffusible  neurotrophic  factors 
(e.g.  NGF,  NT3  and  GDNF  for  sympathetic  neurons)  as  well  as  to  bound  elements  of 
the  extracellular  matrix  such  as  laminin  or  agrin.  The  recent  establishment  of  AChE-R 
as  a  diffusible  protein  that  is  expressed  both  in  developing  neurons  and  in  many  of 
their  target  cells  (e.g.  muscle)  calls  for  testing  its  capacity  as  a  neurotrophic  factor  and 
for  searching  for  the  target  protein(s)  with  which  it  interacts.  Based  on  our  findings,  it 
appears  that  both  AChE-R  and  AChE-S  (and,  possibly,  the  ratio  between  these  two 
proteins)  affect  plasticity  throughout  life.  At  the  adult  phase,  this  primarily  relates  to 
neuronal  maintenance,  growth  and  neurotransmitter  expression.  Failure  to  maintain 
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satisfactory  neuronal  function  in  old  age,  for  example  in  the  breakdown  of  homeostasis 
due  to  external  insults,  may  result  partly  from  the  disturbance  of  the  dynamic,  trophic 
relationship  between  neurons  and  their  targets.  The  AChE  variants  are  excellent 
candidates  for  modulating  such  processes  due  to  their  ubiquitous  expression  in  the 
corresponding  cells,  their  rapid  yet  long-lasting  modulation  in  response  to  variable 
stressors  and  their  cholinergic  and  morphogenic  effects.  Altered  expression  of  these 
variants  may,  in  turn,  underlie  the  selective  vulnerability  of  some  individuals  for  age- 
dependent  neurodeterioration. 

By  carrying  the  transgenes  in  inherited  forms,  our  transgenic  animals  inevitably 
experience  both  developmental  and  adult  changes  in  the  brain’s  structure  and  function. 
Synaptic  reorganization  has  been  shown  to  be  induced  in  the  hippocampus  by 
abnormal  cholinergic  hyperexcitation^.  in  the  adult  state,  such  changes  are  primarily 
mediated  by  NMDA  receptors^ 7.  Because  of  its  non-catalytic  properties, 
overexpression  of  AChE  during  development  not  only  induces  a  chronic 
hypocholinergic  state  but  may  also  alter  neuronal  circuitry.  The  localization  of  the 
AChE-homologous  protein  neuroligin  to  glutamatergic  synapses^  and  the  redundant 
neuritogenic  functions  of  AChE  and  neuroligin^  further  suggest  glutamatergic  effects. 
Excess  AChE  at  the  key  sites  where  it  exerts  its  role(s)  could  hence  affect  the  brain’s 
structure  and  function  through  several  separate  ways: 

(1)  Due  to  its  role  as  a  neurotransmitter  hydrolysing  enzyme,  excess  AChE  would 
induce  a  hypocholinergic  state  that  may  cause  secondary  feedback  response  to 
enable  minimal  cholinergic  neurotransmission. 

(2)  Because  of  its  non-catalytic  activity  and  its  shared  morphogenic  functions  with 
neurexin  ligands  such  as  neuroligin^  or  gliotactin^,  AChE  overexpression  may 
alter  neuron-neuron  or  neuron-glia  interactions  and  modify  the  PDZ-signalling 
processes  of  these  AChE  homologues  and  their  protein  partners. 

(3)  Since  the  elements  in  which  these  two  distinct  functions  are  involved  are 
constituents  of  one  system,  one  should  expect  the  cholinergic  and  structural 
function(s)  of  AChE  to  affect  each  other  in  a  complex  manner. 

The  structural  and  catalytic  unctions  of  AChE  would  therefore  be  expected  to  mutually 
influence  each  other.  Thus,  altered  structural  signalling  in  cholinergic  neurons  would 
modulate  cholinergic  neurotransmission  and  modulated  acetylcholine  hydrolysis  can 
be  expected  to  affect  neuron-neuron  and  neuron-glia  structural  interactions.  Changes 
in  AChE  variants  can  hence  initiate  a  self-fed  loop  of  events  that  includes  multilple 
structural  and  physiological  components  in  both  cholinergic  and  other 
neurotransmission  pathways. 

AChE  variants  may  modulate  neuron-glia  interactions  under  stress 

Apart  from  their  complex  neuronal  and  synaptic  roles,  alternative  AChE  variants 
emerge  as  relevant  to  glial-glial  and  neuron-glial  interactions.  Our  AChE  transfection 
studies  unraveled  distinct  effects  for  the  AChE-S  and  the  AChE-R  variants  on  glial 
process  extension  and  general  morphology^.  This  predicts  changes  in  glial  properties 
under  acute  stress,  when  the  AChE-R  to  AChE-S  ratio  is  drastically  increased. 
Modified  glia,  in  turn,  can  affect  neuronal  activity  and  synaptic  neurotransmission^. 
Furthermore,  neuron  activity-induced  elevation  of  internal  Ca+  concentration  in  glia 
can  potentially  activate  the  Ca++  response  element  in  the  ACHE  promoter,  inducing 
AChE  production  from  glia  themselves  and  escalating  the  neuronal  response^  . 
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The  implications  of  AChE  variants  to  neuron-glial  interactions  may  become 
particularly  relevant  in  neurodegenerative  disease.  Reactive  astrocytes,  the  hallmark  of 
injured  brain,  display  altered  cell  adhesion  molecules  and  are  currently  considered 
involved  in  the  recovery  of  neurotransmission  following  injury^.  That  persistent 
AChE-R  overproduction  attenuates  reactive  gliosis  (Stemfeld  M.  et  al.,  unpublished 
observations)  may  hence  point  at  this  protein  as  characteristic  of  a  certain  early  phase 
in  the  post-stress  response,  before  reactive  gliosis  is  allowed  to  take  place. 

The  general  view  of  reactive  gliosis  during  neurodegenerative  disease  associates  this 
process  with  inflammatory  responses^!.  The  intimate  interaction  between  reactive 
astrocytes  and  neuritic  AD  plaques  with  their  elevated  AChE32,91  further  points  at  the 
potential  relationship  between  AChE  and  activated  glia.  Reports  of  the  non-catalytic 
involvement  of  AChE  in  amyloid  precipitation^,  92  focus  our  attention  at  these 
plaques  as  dynamic  sites  of  the  disease  process,  but  it  is  not  yet  known  whether 
specific  AChE  variants  differ  in  their  capacity  for  such  activity. 

Unlike  neurons,  glia  do  not  express  the  Neurexin  I-III  genes,  which  implies  that 
conservative  neurexin-neuroligin  interactions^  cannot  be  relevant  for  neuron-glia 
contacts.  However,  mammalian  glia  do  express  Caspr,  the  mammalian  neurexin  IV 
homologue^,  as  well  as  homologues  to  Drosophila  gliotactin^2,93  Genomic 
disruption  of  either  gliotactin  or  neurexin  IV  induces  similar  abnormalities  in  glial- 
neuron  interactions  in  insect  larvae.  This  suggests  potential  interaction  between  the 
AChE-homologous  gliotactin  and  Neurexin  IV,  extending  the  neuronal  paradigm  of 
neurexin-neuroligin  interaction  to  glia.  New  possibilities  of  neuron-glia  interactions  are 
thus  indicated  through  additional,  yet  unproven  links  between  neuronal  and  glial  cell 
surface  proteins  carrying  AChE  and  neurexin  modules.  Such  putative  interactions  can 
be  relevant  to  blood  brain  barrier  functioning^, 40?  GNS  and  PNS  development  and 
even  brain  tumor  growth. 

From  brain  to  blood:  the  pluripotent  stem  cell  effects  of  AChE  variants 

The  distinct  morphogenic  effects  of  AChE  variants  on  neurons  and  glia,  coupled  with 
the  known  expression  of  these  variants  in  hematopoietic  cells,  raised  the  question 
whether  these  variants  are  morphogenically  effective  in  blood  cell  progenitors  too.  In  a 
recent  study,  we  have  demonstrated  that  this  is  indeed  the  case  (Grisaru  D.  et  al., 
unpublished  observations).  This  study  further  raises  the  question  whether  the  AChE 
variants  we  studied,  or  fragments  thereof,  can  modulate  the  commitment,  proliferation 
and/or  differentiation  of  pluripotent  stem  cells  in  a  multi-tissue  manner  (see  Scheffler 
et  al.94  for  a  recent  review  of  neuropoiesis/hematopoiesis  similarities).  A  detailed 
study  of  the  involvement  of  AChE  variants  in  the  creation  of  neurons,  astrocytes  and 
supportive  brain  tissue  can  yield  important  insights  both  on  the  origin  of  the 
corresponding  cells  and  the  molecular  mechanisms  through  which  AChE  exerts  its 
numerous  morphogenic  effects.  Additionally,  such  studies  can  contribute  substantially 
towards  the  new  and  rapidly  developing  field  of  human  stem  cell  therapy  in  the 
nervous  system  95. 
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General  considerations  and  future  prospects 

Using  a  combination  of  molecular,  cellular,  biochemical  and  transgenic  approaches,  we 
initiated  a  study  aimed  at  defining  and  characterizing  the  structural  properties  of 
alternative  AChE  variants.  In  spite  of  the  relatively  limited  differences  in  the  sequence 
of  these  variants  (26  or  40  residues  out  of  560-574),  we  found  striking  differences  in 
their  roles  with  regards  to  neuritogenesis,  synaptogenesis  and  neurodeterioration. 
Having  set  up  the  experimental  model  systems  and  DNA  and  antibody  tools,  we 
uncovered  what  seems  to  be  the  tip  of  an  iceberg.  These  findings  therefore  call  for 
future  dissection  of  these  new  phenomena  that  were  outlined  in  our  current  work. 

Recent  developments  in  molecular  biology  now  offer  improved,  more  powerful 
techniques  for  pursuing  these  goals.  The  yeast  two  hybrid  system  96  seems  ideally 
suited  for  screening  for  those  protein  partners  that  presumably  interact  with  the 
different  AChE  variants  and  their  C-terminal  peptides;  tetracycline  control  97  could 
offer  the  opportunity  to  induce  or  suppress  their  expression  at  will  in  an  in  vivo 
context;  and  DNA  microarrays  98  can  define  detailed  profiles  of  the  changes  in  gene 
expression  that  are  induced  by  the  modulation  of  these  variants  under  modified 
conditions.  These  techniques  should  be  coupled  with  genetic  studies  of  the 
evolutionary  conservation  of  the  AChE  variants  and  their  functions  and  the 
investigation  of  these  functions  could  be  extended  into  other  tissues  and  organs.  Now 
established,  the  morphogenic  roles  of  AChE  variants  offer  a  wealth  of  research 
opportunities  with  basic  and  applied  implications. 
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Table  1.  Experimental  evidence  for  structural  roles  of  AChE 


Experimental  approach 

Affected  structures 

Demonstrated  role 

Ref. 

1 

Frog 

Transiently  transgenic  embryos  to 
human  AChE  variants/cell  culture 

Spinal  neurons/ 
Myotomes 

Neurite  outgrowth/ 
NMJ  development 

4 

2 

Frog 

Transiently  transgenic  embryos 
overexpressing  human  AChE-S 

Myotomes 

NMJ  development 

7 

3 

Frog 

Transiently  transgenic  embryos 
overexpressing  human  AChE  variants 

Myotomes 

NMJ  development 

9 

4 

Chick 

Cholinesterase  inhibitors/  cell  culture 

Tectal  and  retinal 

neurons 

Neurite  outgrowth 

a 

5 

Chick 

Cholinesterase  inhibitors/ ACh 
agonists,  antagonists/AChE  to 
substratum,  medium/cell  culture 

Sympathetic  neurons 

Neurite  outgrowth 

a 

6 

Rat 

Substratum/cell  culture 

DRG  neurons 

Neurite  outgrowth 

a 

7 

Rat 

Substratum/cholinesterase 

inhibitors/cell  culture 

DRG  neurons 

Neurite  outgrowth 

a 

8 

Rat 

Cholinesterase  inhibitors/ 
organotypic  slice  culture 

Substantia  nigra  and 
ventral  tegmental 

neurons 

Neurite  outgrowth 

a 

9 

Rat 

Cholinesterase  inhibitors/cAMP 
analog/  cell  culture 

DRG  neurons 

Neurite  outgrowth 

a 

10 

Rat 

Transfected  human  AChE  variants/ 

cell  culture 

C6  glioma  cells 

Neurite  outgrowth 

3 

11 

Rat 

AChE  monomers,  tetramers  to 
medium/organotypic  slice  culture 

Substantia  nigra  and 
ventral  tegmental 

neurons 

Neurite  outgrowth 

a 

12 

Rat 

Cholinesterase  inhibitors/AChE  to 
medium  or  substratum/cell  culture 

Spinal  motoneurons 

Neurite  outgrowth 

a 

13 

Rat 

Transfection  with  antisense- AChE 
and  cDNAs  of  AChE  variants  or 
neuroligin-1/  cell  culture 

Phaeochromocytoma 
PC12  cells 

Neurite  outgrowth 

5 

14 

Mouse 

Cholinesterase  inhibitors/  transfected 
with  AChE  cDNA,  antisense- 
AChE/AChE  antiserum/cell  culture 

Neuroblastoma  cells 

Neurite  outgrowth 

2 

15 

Mouse 

Stably  transfected  transgenic  mice 

Spinal  neurons  and 

Adult  NMJ 

46 

17 


overexpressing  human  AChE 

NMJ 

structure 

16 

Mouse 

Golgi  staining  in  transgenics 

parietal  cortex 

dendrite  loss 

45 

17 

Mouse 

Immunocytochemical  NFT200, 

HSP70  detection  in  transgenic  mice 
overexpressing  AChE-S 

Cortical  axons; 
hippocampal  retraction 
balls 

Accelerated 

neurodeterioration 

b 

18 

Mouse 

Immunocytochemical  NFT200, 

HSP70  detection  in  transgenic  mice 
overexpressing  AChE-R 

Cortical  axons; 
hippocampal  retraction 
balls 

Attenuated 

neurodeterioration 

b 

19 

Human 

Aggregation  of  human  p-amyloid 
peptides  influence  of  mammalian 
AChE-S 

in  vitro  study 

Assembly  of  senile 
plaques 

33 

a  Quoted  in  *. 

b  Strenfeld  M.  et  al.,  unpublished  observations. 


Fig.  1  The  potential 
molecular  basis  for  AChE’s 
morphogenic  capacity. 

Around  growing  or  insulted 
neurites,  AChE  may  replace  or 
compete  with  the  homologous 
neuroligins  for  binding  to 
neurexins.  Both  neuroligins 
and  neurexins  are 
transmembrane  proteins  with  a 
signaling  capacity  at  their 
cytoplasmic  domains, 
mediated  by  PDZ  motifs, 
including  Membrane- 
Associated  Guanyulate  cyclase 
Kinase  (MAGUK)  homologs, 
which  can  form  bridges 
between  neurexins  and 
neuroligins  to  band  4.1 
cytoskeletal  proteins. 
Therefore,  AChE  can  affect 
intracellular  events  by 
changing  the  manner  through 


which  its  structural  homologs  transduce  their  own  signals  into  the  corresponding  cells. 
(Reproduced  with  permission  from  Grisaru  et  al.,  1999  1). 
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Abstract 


Background:  Psychological  stress  induces  rapid  and  long-lasting  changes  in  blood  cell 
composition  implying  the  existence  of  stress-induced  factors  that  modulate  hematopoiesis.  Here, 
we  report  the  involvement  of  stress-associated  readthrough  acetylcholinesterase  (AChE-R)  in 
hematopoietic  stress  responses. 

Materials  and  Methods:  We  have  studied  the  effects  of  stress,  cortisol,  antisense  oligonucleotides 
to  AChE  and  a  synthetic  peptide  derived  from  AChE-R  upon  peripheral  blood  cell  composition 
and  clonogenic  progenitor  status  in  various  normal  and  AChE  transgenic  mice,  and  purified 
CD34+  cells  of  murine  and  human  origin.  We  employed  in  situ  hybridization  and 
immunocytochemical  staining  to  monitor  changes  in  ACHE  gene  expression  in  hematopoietic 
progenitors.  BrdU  incorporation  together  with  liquid  cultures  and  clonogenic  progenitor  assays 
was  performed  to  correlate  AChE-R  expression  with  stimulated  proliferation  and  differentiation 
of  myeloid  and  megakaryocyte  lineages  in  vivo  and  ex  vivo. 

Results:  We  demonstrate  a  spatiotemporal  correlation  between  expression  of  AChE-R  and 
myeloidogenesis  during  ontogeny  of  the  blood  forming  organs.  Transgenic  mice  overexpressing 
AChE-R  displayed  up  to  2-fold  elevated  white  blood  cell  and  platelet  counts.  In  human  CD34+ 
hematopoietic  progenitor  cells  0.6  (J.M  cortisol  elevated  AChE-R  mRNA150%  above  control 
levels  and  promoted  hematopoietic  expansion  ex  vivo.  ARP,  a  synthetic  peptide  corresponding  to 
the  unique  26  C-terminal  amino  aci'ds  of  AChE-R,  was  more  effective  than  cortisol  and  equally  as 
effective  as  stem  cell  factor  in  promoting  expansion  and  differentiation  of  early  hematopoietic 
progenitor  cells  into  myeloid  and  megakaryocyte  lineages,  and  in  supporting  hematon  body 
formations. 

Conclusions:  Our  findings  attribute  a  role  to  AChE-R  and  a  small  AChE-R-derived  peptide  in 
hematopoietic  homeostasis  following  stress  and  suggest  the  use  of  ARP  in  clinical  settings  where 
ex  vivo  expansion  of  progenitor  cells  is  required. 
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Introduction 

Stress  insults  are  associated  with  rapid  and  significant  changes  in  blood  cell  composition 
[1],  For  example,  following  massive  blood  loss,  or  after  surgery,  the  hematopoietic  system 
responds  within  hours,  by  an  elevation  of  the  white  blood  cell  (WBC)  and  platelet  counts  [2]. 
However,  the  molecular  mechanisms  regulating  this  adjustment  are  not  yet  fully  understood. 
Glucocorticoid  hormones  play  a  leading  role  in  the  adaptive  reaction  of  the  bone  marrow  to  stress 
[3]  inducing  absolute  increases  in  all  hematopoietic  lineages,  especially  myeloid  cells  [4],  and 
release  of  WBC  to  the  periphery  [5].  Glucocorticoids  evoke  cascades  culminating  in  the 
proliferation,  differentiation  and  apoptotic  events  characteristic  of  each  of  the  hematopoietic  cell 
lineages  (for  review  see  [6]).  In  addition,  glucocorticoid  hormones  mediate  changes  in  the  levels 
of  hematopoietic  growth  factors  that  control  the  proliferation  of  hematopoietic  stem  cells  [7,8] 

Hematopoietic  stem  cells  are  pluripotent  in  that  they  give  rise  to  all  blood  cell  lineages. 
During  ontogeny,  they  migrate  from  the  fetal  liver  to  permanently  reside  in  the  bone-marrow 
where  they  provide  a  life-long,  self-renewing  source  of  blood  cells  [9].  Under  normal  conditions 
the  vast  majority  of  these  stem  cells  are  nondividing.  However,  under  conditions  of  development 
or  stress  they  can  undergo  clonal  expansion  and  self-renewal [10].  A  large  number  of  early-acting 
cytokines  and  growth  factors,  such  as  stem  cell  factor  (SCF),  thrombopoietin  (TPO)  and  FLT-3 
ligand,  are  thought  to  mediate  the  proliferative  capacity  of  hematopoietic  stem  cells,  through 
specific  receptors  ~  c-kit,  c-mpl  and  flt3/flk-2,  respectively  [11-14].  Alone,  their  capacity  to 
stimulate  proliferation  is  limited.  For  example,  SCF  can  maintain  survival  of  stem  cells  for  a  few 
days  in  vitro ,  but  not  self-renewal  [15].  In  combination,  however  these  growth  factors  acquire  a 
potent  co-stimulatory  effect  [16-18].  The  early  phase  of  adaptation  of  the  hematopoietic  system  to 
stress  (first  24  hr),  requires  coordinator(s),  such  as  leu-enkephalin  [19]  which  modulate  the 
effects  of  growth  factors  on  stem  cells.  However,  leu-enkephalin  is  present  in  the  circulation  only 
immediately  following  the  stress  insult,  whereas  the  modulation  of  hematopoiesis  continues  long 
after.  Therefore,  additional  long-acting  modulators  remain  to  be  identified. 

An  intriguing,  previously  unpredicted  candidate  for  a  role(s)  in  hematopoietic  stress 
responses  is  the  acetylcholine  hydrolyzing  enzyme,  acetylcholinesterase  (AChE).  In  addition  to 
its  well-known  localization  at  sites  of  cholinergic  neurotransmission,  AChE  is  also  expressed  in 
multiple  embryonic  and  tumor  tissues  [20,21],  including  those  producing  blood  and  bone  cells 
[22,23],  shown  to  share  common  progenitors  [24].  In  hematopoietic  cells,  AChE  has  been 
proposed  to  exert  a  growth  regulatory  role  [25,26].  In  humans,  AChE  gene  expression  was 
demonstrated  in  early  2N  megakaryocytes  and  observed  to  decrease  with  cellular  development 
and  differentiation  [22].  However,  it  was  not  possible  until  recently  to  assign  hematopoietic 
activities  to  any  specific  AChE  variant.  In  the  brain,  the  readthrough  AChE-R  splicing  valiant 
was  shown  to  be  significantly  and  persistently  overexpressed  following  acute  trauma,  and  was 
implicated  in  stress-induced  changes  in  neuronal  structure  and  function  [27,28].  Together,  these 
observations  suggested  a  possible  role  for  AChE-R  in  hematopoietic  stress  responses. 

Here,  we  demonstrate  induction  of  AChE-R  mRNA  in  human  CD34+  hematopoietic 
progenitor  cells  by  cortisol,  and  associate  elevated  AChE-R  with  enhanced  hematopoietic  activity 
in  transgenic  mice.  We  trace  the  in  vivo  hematopoietic  activities  of  AChE-R  to  a  small  stress- 


induced  peptide  apparently  cleaved  from  the  C-terminal  of  domain  of  the  “readthrough”  AChE 
variant.  Furthermore,  we  demonstrate  potent  in  vivo  and  ex  vivo  hematopoietic  activities  for  ARP, 
a  synthetic  26  amino  acid  peptide  based  on  the  unique  AChE-R  C-terminal  sequence. 
Surprisingly,  ARP  was  more  effective  than  cortisol  and  equally  as  effective  as  stem  cell  factor  in 
promoting  expansion  and  differentiation  of  bone  marrow  cells  into  myeloid  and  megakaryocyte 
lineages.  Our  findings  indicate  that  AChE-R  participates  in  hematopoietic  homeostasis  following 
stress,  and  suggest  the  use  of  ARP  to  facilitate  ex  vivo  expansion  of  hematopoietic  stem  cells. 

Materials  and  Methods 

Cell  and  tissue  sources:  Use  of  all  human  material  in  this  study  was  approved  by  the  ethics 
committee  of  the  Tel  Aviv  Medical  Center  according  to  the  regulations  of  the  Helsinki  accords. 
Fresh  samples  of  umbilical  cord  blood  cells  were  obtained  following  normal  deliveries  following 
informed  consent  of  the  mothers,  as  previously  described  [29].  Human  embryos  from  terminated 
normal  pregnancies  were  obtained  from  the  Pathology  Department  of  the  Tel  Aviv  Medical 
Center. 

Isolation  and  expansion  of  human  umbilical  cord  blood  hematopoietic  progenitors.  Cord  blood 
was  collected  and  CD34+  cells  separated  by  immune  magnetic  beads  (Dyna,  Oslo,  Norway),  cells 
were  grown  as  detailed  elsewhere  in  the  presence  of  10%  autologous  cord  blood  plasma, 
supplemented  every  4  days  with  the  noted  agents  [23,30,31].  Cell  proliferation  was  evaluated  by 
5-bromo-2’-deoxyuridine  (BrdU)  incorporation,  as  previously  described  [23].Viable  cells  were 
counted  by  trypan  blue  dye  exclusion.  Cortisol  sodium  succinate  (Abie  Ltd.,  Netania,  Israel)  and 
antisense  oligonucleotides  were  added  for  the  noted  periods. 

In  situ  hybridization:  In  situ  hybridization  procedures,  were  performed  on  cultured  cells  and 
human  fetal  tissues,  as  detailed  elsewhere  [23, 27]. Cultured  cells  were  spun  down  at  300g  and 
fixed,  using  4%  paraformaldehyde,  to  collagen-coated  cover  slips  placed  on  the  bottom  of  the 
culture  well.  Tissues  from  hematopoietic  fetal  organs  (aorta-gonad-mesonephric,  liver,  spleen  and 
bone  marrow)  were  obtained  in  each  of  the  selected  gestational  stages,  from  2-3  normal  aborted 
human  fetuses.  The  project  was  approved  by  the  Sourasky  Medical  Center  Ethics  Committee,  and 
written  informed  consent  was  obtained  from  the  parents.  50-mer,  5'-biotinylated,  fully  2-0- 
methylated  AChE  cRNA  probes  complementary  to  3'-alternative  human  ACHE  exons  were 
purchased  from  Microsynth  GmbH  (Switzerland).  Detection  and  quantification  of  the  various 
AChEmRNA  transcripts  in  fetal  tissues  were  performed  as  previously  described  .  Confocal  scans 
of  the  culture-derived  cells  were  obtained  using  a  MRC-1024  Bio-Rad  confocal  micioscope.  A 
projection  was  built  from  each  cell  and  specific  criteria  was  set  for  size  and  intensity  of  the  Fast 
Red  fluorescence.  Image-Pro  3.0  software  (Media  Cybernetics,  Silver  Spring,  MD,  USA)  was 
used  to  analyze  the  signal  obtained. 

Transgenic  mice  and  biochemical  AChE  measurements  are  described  elsewhere  [32],  Confined 
swim  stress  was  as  detailed  [27].  WBC  and  platelet  counts  were  determined  using  an  Ac.  T  diff 
coulter  (Beckman  Coulter.  Inc.  Fullerton,  CA)  in  heparin-  and  EDTA-  treated  blood. 

Bone  marrow  was  collected  from  mouse  femurs,  and  smears  prepared  and  fixed  with  4% 
paraformaldehyde  (10  min.,  room  temp.).  Immuocytochemical  staining  was  as  detailed  elsewhere 
[22]  using  the  ABC  Elite  kit  (Vector  Labs,  Burlingame,  CA)  and  diaminobenzidine-hydrogen 
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peroxide  (Sigma  Chemical  Co.,  10  min)  with  Meyer’s  hematoxylin  for  counterstaining.  In  situ 
hybridization  and  confocal  microscopy  were  as  detailed  elsewhere  [33],  as  were  DNA  sequence 
analyses  [34]. 

Human  AChF.  C-terminnl  pentides:  The  peptides  ASP  and  ARP  were  synthesized  on  a  PerSeptive 
Biosystems  Pioneer  Synthesizer  on  0. Immol  PEG-polystyrene  resin  using  N-a-Fmoc  protected 
amino  acids  with  the  following  side-chain  protection:  Arg(Pbt),  Asn(Trt),  Asp(OtBu),  Cys(Trt), 
Gln(Trt),  Glu(OtBu),  His(Trt),  Lys(Boc),  Ser(tBu),  Thr(tBu),  Trp(Boc),  Tyr(OtBu).  Couplings 
were  for  30  minutes  using  a  4-fold  excess  of  Fmoc-amino-acid  in  the  presence  of  0.98 
equivalents  of  HATU  and  1.96  equivalents  of  Hunig’s  base.  Peptides  were  cleaved  from  the 
resins  with  91:3:3:3  (v/v/v/w)  TFA/EDT/Et3SiH/PhOH  for  5  hours  and  products  were  purified  by 
preparative  reverse-phase  HPLC  on  a  Vydac  208TP1022  C8  200x20  mm  column  using  gradients 
of  acetonitrile  in  0.1%  aqueous  TFA.  Purified  products  were  analyzed  by  a)  amino-acid  analysis 
on  a  Pharmacia-Biochrom  20  amino-acid  analyser  following  hydrolysis  in  6M  HC1  for  18  hours 
at  1 10°  C  and  b)  MALDI-TOF  mass  spectrometry  on  a  PerSeptive  Biosystems  Voyager  Mass 
Spectrometer  using  CHCA  matrix  to  confirm  the  correct  mass.  The  sequences  employed  were  as 
follows: 

ASP  (l-DTLDEAERQWKAEFHRWSSYMVHWKNQFDHYSKQDRCSDL-40) 

ARP  ( l-GMQGPAGSGWEEGSGSPPGVTPLFSP-26) 

PBAN  was  as  published  (Raina  et  tfl.,  1989) 

Antisense  oligonucleotides:  To  suppress  AChE  expression,  a  20-mer  antisense  oligonucleotide, 
AS1  targeted  to  exon  2  of  mammalian  AChE  mRNAs  were  used  [23].  A  15-mer  oligonucleotide 
targeted  to  butyrylcholinesterase  (BChE)  mRNA,  previously  shown  to  be  inert  with  regard  to 
AChE  mRNA,  served  as  control  [28,35].  To  protect  against  nuclease  degradation,  all 
oligonucleotides  were  end-capped  at  their  three  3’  terminal  positions  by  2  -O-methyl 
ribonucleotides. 

Expansion  of  multipotent  and  committed  human  hematopoietic  progenitor  cells  ex-vivo.  CD34+ 
cells  were  expanded  in  liquid  cultures  in  the  presence  of  recombinant  human  cytokines  and  ARP 
and  the  phenotypic  properties  of  the  in  vitro  expanded  cell  populations  were  studied  by  three  and 
four  color  flow  cytometry.  In  addition,  the  number  of  lineage  committed  clonogenic  piogenitois 
was  analyzed  over  time.  Liquid  cultures  were  initiated  in  96  flat  bottom  microtiter  plates  (Nunc, 
Sweden)  at  a  concentration  of  104  cells  /well  in  a  volume  of  200[il  or  in  24  well  tissue  culture 
plates  at  a  concentration  of  1-  2  x  105  cell/well  in  a  volume  of  1  mL  and  grown  in  Iscove’s 
modified  Dulbecco’s  medium  -  IMDM  (Beit  Haemek,  Israel)  supplemented  with  10% 
autologous  plasma.  Single  cytokines  or  their  combinations  were  added  immediately  after  seeding. 
Proliferating  cells  were  demi-depleted  and  fresh  cytokines  were  added  every  4-7  days  depending 
on  the  cell  density  in  each  culture.  The  cytokines  employed  included  interleukin-3  (IL-3) 
lOng/mL,  interleukin  6  (IL-6)  50ng/mL,  thrombopoietin  (TPO)  lOng/mL  ,  flt-3  ligand  lOng/mL, 
and  stem  cell  factor  (SCF)  10  ng/mL,  and  were  all  purchased  from  R&D  systems  (USA). 
Synthetic  ARP  was  added  to  2nM  where  noted.  Cells  were  incubated  for  up  to  28  days  at  37  C 
in  5%  C02  in  fully  humidified  atmosphere.  Viability  was  assessed  by  trypan  blue  dye  exclusion. 


Human  clonnpenic  progenitors  were  cultured  in  the  presence  of  various  growth  factors  and 
colony  forming  progenitors  were  assessed  at  weekly  intervals  in  secondary  colony  assays.  CFU- 
GM  and  blast  cell  colonies  were  grown  in  IMDM  containing  0.9%  methylcellulose  containing 
10%  fetal  calf  serum  (FCS),  IL-3  5ng/ml  and  GM-CSF  lOng/ml  and  counted  after  12-14  days. 
CFU-MK  were  grown  in  plasma  clots  containing  15%  AB  plasma,  TPO  1  On/ml  and  SCF  lOng/ml 
and  identified  and  counted  by  immunofluorescence  after  12-14  days  in  culture  as  previously 
described  (Deutsch  et  al  1998).  The  absolute  number  of  CFU-GM,  CFU-MK  and  CFU-blast 
colonies  grown  at  each  time  point  during  the  culture  was  calculated  by  multiplying  their 
incidence  (per  cells  seeded  in  colony  assay)  by  the  number  of  viable  nucleated  cells  present  in 
each  liquid  culture. 

Murine  clonogenic  progenitors  were  cultured  at  2  x  10'  cells  per  35  mm  tissue  culture  dishes 
(Corning  Glass  Works,  Corning,  NY).  Myeloid  colonies  were  grown  in  supplemented  Iscove’s 
modified  Dulbecco’s  medium  (Beit  Haemek,  Israel)  supplemented  with  0.8%  methylcellulose 
(Sigma,  Chemical  Co.,  St.  Louis,  Md),  10%  fetal  calf  serum  (FCS)  (Beit  Haemek,  Israel)  and  5  x 
10"4  M  (3-mercaptoethanol  (2-ME)  (Sigma,  Chemical  Co.).  Myeloid  colony  formation  was 
stimulated  with  recombinant-mouse  granulocyte-macrophage  colony  stimulating  factor  (l-m  GM- 
CSF,  5  ng/ml),  r-mSCF  (10  ng/ml)  and  r-m  interleukin  3  (IL3;  10  ng/ml),  all  from  R  &  D 
Systems  (Minneapolis,  MN),  in  5%  CO,  at  37°C,  in  a  fully  humidified  atmosphere.  Colonies 
were  counted  in  triplicate  cultures  after  7  days.  MK  colonies  were  grown  in  supplemented 
McCoy’s  medium  (Beit  Haemek)  supplemented  with  0.3%  agar  (Difco,  Detroit,  MI),  10%  FCS 
and  1  x  10‘4  M  2-ME.  Colony  formation  was  stimulated  with  r-m  thrombopoietin  (2  ng/ml)  and  r- 
mSCF  (10  ng/ml)  (R  &  D  Systems)  in  5%  CO,  at  37°C  in  a  fully  humidified  atmosphere.  CFU- 
MK  identified  by  specific  cytochemical  staining  as  described  [22]  were  counted  after  7  days. 

Flow  cytometric  analysis  of  cultured  CD34+  cord  blood  cells:  To  determine  the  type  of  cells  that 
were  expanded  in  the  presence  of  the  different  cytokines  three  color  flow  cytometry  was 
performed  at  weekly  intervals.  For  FACS  analysis  of  hematopoietic  cells  the  following 
antibodies  were  employed;  perCP  conjugated  anti-CD34,  HPCA-2  (Becton-Dickinson,  B-D, 
Immunocytochemistry  Systems  Inc,  San  Jose  CA.,  USA),  phycoerythrin  (PE)  conjugated  -  anti- 
CD38  (BD),  PE  anti-CD33  (BD),  PE-anti-CD41  (BD)or  FITC  conjugated  anti-CD41  (P2) 
(Immnunotech/Coulter,  England),  FITC  conjugated  anti-CD15  (BD).  Multiparametei  flow 
cytometry  was  performed  using  a  FACScalibur  (BD)  and  Cellquest  software  (BD)  on  a 
minimum  of  10,000  events  analyzed  per  sample.  Non  specific  labeling  was  excluded  using  the 
appropriate  isotype  antibodies  conjugated  with  the  same  fluorochrome  (BD).  The  actual  number 
of  cells  expanded  of  each  lineage  was  calculated  by  multiplying  their  relative  proportion  by  the 
number  of  viable  cells  in  each  culture. 

Western  blots:  Serum  proteins  (40  pig)  were  separated  on  4-20%  polyacrylamide  gels  (Bio  Rad 
Laboratories,  Hercules,  CA),  blotted  to  nitrocellulose  filters,  incubated  with  rabbit  anti  -GST- 
ARP  antibodies  [32]  and  peroxidase-conjugated  anti-rabbit  immunoglobulins,  and  subjected  to 
ECL™  detection  (Amersham  Pharmacia  Biotech,  UK). 
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Results 

Readthrough  AChE  is  overproduced  in  the  myeloidogenic  mid-gestation  liver: 

To  study  the  relevance  of  AChE  expression  during  development  of  the  hematopoietic  system,  in 
situ  hybridization  was  performed  on  paraffin-embedded  sections  of  the  aorta-gonad-mesonephric 
region  (AGM),  liver,  spleen,  and  bone  marrow  taken  from  human  fetuses  at  different  gestational 
ages.  Using  probes  specific  for  the  “synaptic  AChE-S,  erythiocytic  AChE-E,  and 
“readthrough”  AChE-R  rnRNA  splicing  variants  [36],  we  observed  tissue-specific  fluctuations  in 
AChE  mRNA  levels  that  were  consistent  with  known  spatiotemporal  shifts  in  hematopoietic 
activity  among  these  blood-forming  tissues  (Figure  1).  For  example,  AChE-E  and  AChE-S 
expression  were  both  high  in  mid-gestation  liver  and  spleen  when  the  principal  hematopoietic 
activity  is  erythropoiesis,  but  decreased  steadily  from  the  9th- 1 6th  week,  as  hematopoiesis  shifts  to 
the  bone  marrow.  In  contrast,  AChE-R  mRNA  was  transiently  expressed  in  fetal  liver  at  16 
weeks  gestation.  This  coincides  with  accelerated  myelopoiesis  in  the  liver  at  this  stage  [39]  but 
not  in  the  spleen.  This  unique  expression  pattern  of  AChE-R  mRNA  stimulated  our  interest  in 
examining  its  apparent  correlation  with  myeloidogenesis. 

Congenital  AChE-R  overproduction  modulates  bone  marrow  expansion  and  blood  cell 
composition: 

To  study  the  role  of  AChErR  in  mammalian  hematopoiesis,  we  studied  transgenic  mice 
overexpressing  AChE-S  or  AChE-R  [32,40].  In  peripheral  blood  of  AChE-R  transgenic  mice,  we 
observed  increases  of  2.5-  and  130- fold  in  catalytic  AChE  activities  in  2  pedigrees  (line  45  and 
line  70,  respectively)  (Figure  2).  Platelets  were  significantly  elevated  in  both  lines.  In  contrast, 
WBCs  were  increased  only  in  the  highly  overexpressing  line  70.  Transgenic  mice  expressing 
AChE-S  variants  displayed  neither  increased  blood  AChE  activity  nor  significant  deviations  from 
normal  blood  cell  composition.  These  observations  indicated  that  AChE-R  exerts  specific,  dose- 
dependent  effects  on  hematopoietic  homeostasis,  particularly  affecting  megakaryocytopoiesis  and 
myeloidogenesis. 

To  evaluate  the  status  of  multipotent  hematopoietic  progenitors  in  the  bone  marrow  of 
transgenic  mice,  we  performed  clonogenic  progenitor  assays  where  primary  bone  marrow  cells 
are  plated  under  conditions  supporting  the  growth  of  specific  hematopoietic  lineages.  Following 
one  week  in  culture,  colonies  were  classified  as  granulocyte/erythrocyte/myeloid/macrophage 
(GEMM),  granulocyte/macrophage  (GM),  megakaryocyte  (MK)  or  adherent  cell  foci  (Ad) 
colonies  and  counted.  In  this  assay,  each  colony  is  taken  to  represent  a  single  plated  progenitor  or 
colony  forming  unit  (CFU).  CFU-MK  and  CFU-GM  were  significantly  elevated  in  bone  marrow 
from  AChE  transgenic  mice  compared  to  controls  (p  <  0.001,  Student’s  t  test;  Figure  2).  Both 
early  mixed  CFU-GEMM  colonies  and  CFU-Ad  colonies  resembling  endothelial  or  stroma  cells 
were  also  elevated  in  AChE  transgenics,  especially  in  line  70.  However,  these  latter  differences 
were  much  less  pronounced  in  colonies  grown  from  mice  expressing  catalytically  inactive  AChE- 
S  (AChE-SIn).  The  facilitated  capacity  of  bone  marrow  progenitors  from  these  transgenic  lines  to 
proliferate  and  differentiate  into  myeloid,  megakaryocyte  and  adherent  colonies  supports  the 
notion  that  AChE-R  plays  a  role  in  the  proliferation  of  hematopoietic  progenitors  without 
compromising  their  ability  to  differentiate  into  the  various  hematopoietic  lineages.  The 
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clonogenic  capacity  of  bone  marrow  cells  from  AChE-SIn  mice  was  reduced  compared  to  those 
from  other  transgenics,  possibly  suggesting  that  cholinergic  activities  may  be  involved. 

Hematopoietic  and  stress-responsive  elements  in  the  extended  ACHE  gene  promoter 

In  the  mammalian  nervous  system,  AChE-R  is  upregulated  in  response  to  acute 
cholinergic  stimulation  such  as  that  accompanying  traumatic  stress  [27],  anticholinesterase 
intoxication  [41],  and  closed  head  injury  [28].  To  explore  the  possibility  that  AChE-R  operates  as 
a  stress-response  element  in  the  hematopoietic  system  as  well,  we  searched  the  extended 
promoter  of  the  human  ACHE  gene  (cosmid  accession  no.  AF002993)  for  consensus  motifs 
encoding  cis-acting  binding  sites  for  stress-associated  and  hematopoietic  transcription  factors. 
Two  such  clusters,  one  a  functional  promoter  domain  located  17  Kb  upstream  from  the 
.transcription  start  site  [34]  and  another  positioned  within  the  first  intron,  were  found  to  include 
glucocorticoid  responsive  element  (GRE)  half-palindromic  sites  TGTTCT,  as  well  as  motifs  for 
API,  NFkB,  EGR-1  (as  identified  by  a  matrix  search  against  the  TransFac  database),  HNF3[3, 
with  the  consensus  sequence  TGTTGT,  and  Stat-5,  TTCCCAGAA  or  TT(C/A)(C/T)N(A/G) 
(G/T)AA  (Figure3A).  Of  these,  GRE,  HNF3,  and  Stat-5  are  known  to  be  actively  involved  in 
hematopoiesis  [42,43]  and  cellular  stress  responses  [44,45].  GRE  and  Stat-5  act  synergistically  to 
enhance  (3-casein  gene  expression  in  mammary  tissue  [46],  but  have  not  yet  been  studied  in  the 
context  of  AChE  involvement  in  hematopoiesis. 

Cortisol  elevates  ACHE  gene  expression  in  hematopoietic  progenitors: 

The  functional  effects  of  glucocorticoids  on  hematopoietic  ACHE  expression  were 
investigated  in  early  human  progenitors  enriched  from  umbilical  cord  blood  using  immune 
magnetic  beads  for  CD34  to  yield  a  85  ±  3%  pure  population  of  CD34+  cells,  as  confirmed  by 
flow  cytometry  (Figure  3B).  CD34+  cells  were  cultured  for  24  hr  with  increasing  doses  of 
cortisol  and  subjected  to  in  situ  hybridization,  confocal  microscopy,  and  semi-quantitative  image 
analysis.  This  approach  provided  an  accurate  and  credible  tool  for  the  quantification  of 
transcriptional  responses  in  the  heterogeneous  population  of  primary  CD34+  cells  pooled  from 
different  individuals.  Figure  3C  presents  representative  images  of  cells  analyzed  for  AChE-S  and 
AChE-R  transcripts,  and  the  quantified  changes  in  these  transcripts  under  treatment  with  different 
cortisol  concentrations.  A  subtle  elevation  of  cortisol  concentration  from  a  basal  level  of  0.1  pM 
[47]  to  0.6  pM  induced  a  selective  130  ±  30%  increase  in  the  area  labeled  by  the  AChE-R  mRNA 
probe.  In  contrast,  1.2  pM  stress-associated  cortisol  concentrations  increased  the  areas  labeled  by 
both  AChE  mRNA  transcripts.  Cytochemical  staining  revealed  the  presence  of  active  enzyme 
only  under  the  highest  cortisol  concentrations  at  which  the  membrane  associated  enzyme  forms 
AChE-E  and  AChE-R  were  expressed  (Figure  3C.  top  panel  and  data  not  shown).  This 
observation  is  consistent  with  the  secretory  nature  of  AChE-R.  Together,  these  observations 
demonstrated  cortisol-inducible  expression  of  AChE-R  in  hematopoietic  progenitors  (Figure  3D), 
and  suggested  that  stress-promoted  modulation  of  ACHE  gene  expression  and  alternative  splicing 
may  play  an  active  role  in  mediating  hematopoietic  stress  responses. 
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A  bioactive  peptide  derived  from  AChE-R  evokes  potent  hematopoietic  effects 

To  determine  whether  AChE-R  is  present  in  the  blood  and  whether  its  level  is  regulated 
by  stress,  we  employed  antibodies  raised  against  a  recombinant  fusion  protein  of  glutathione 
transferase  (GST)  and  ARP,  the  C-terminal  domain  unique  to  AChE-R.  Anti  GST-ARP  antiserum 
specifically  detected  AChE-R,  but  not  AChE-S  in  Western  blots  (Figure  4A).  We  therefore 
subjected  FVB/N  mice  to  confined  swim  stress,  collected  blood  24  hr  later,  and  performed 
denaturing  gel  electrophoresis  on  serum  proteins.  Immunodetection  with  anti-GST-ARP 
antibodies  failed  to  detect  major  changes  in  circulating  levels  of  AChE-R  following  stress. 
However,  the  GST-ARP  antibody  reacted  with  a  novel  short  immunoreactive  peptide  with  an 
apparent  molecular  weight  of  approximately  5.0  Kd  in  serum  of  stressed  mice.  The  appearance  of 
a  short,  ARP-related  peptide  comigrating  with  synthetic  ARP  following  forced  swim  suggested 
that  cleavage  of  AChE-R  generates  a  peptide  with  a  role  in  hematopoietic  stress  responses. 

To  explore  the  idea  that  ARP  promotes  stress-induced  hematopoiesis,  we  employed  synthetic 
ARP  peptide.  Mice  subjected  to  confined  swim  stress  were  injected  intravenously  with  100 
(Ig/Kg  ARP  or  30  ng/Kg  AS1,  an  antisense  oligonucleotide  preferentially  suppressing  AChE-R 
[23].  Twenty-four  hrs  later,  bone  marrow  smears  were  immunostained  with  anti-GST-ARP 
antibodies  and  peripheral  WBC  counts  performed.  In  non-stressed  mice,  ARP  did  not 
significantly  change  bone-marrow  labeling  or  WBC  counts.  In  stressed  mice,  however,  ARP  both 
elevated  the  number  of  ARP-positive  cells  and  intensified  the  immunolabeling  in  small  bone 
marrow  cells  with  morphological  features  of  stem  cells  (Figure  4B).  AS  1  reduced  the  number  of 
cells  labeled  with  anti-ARP  antibodies,  indicating  that  injected  ARP  amplified,  endogenous  ARP 
production  under  stress.  Consistent  with  this  hypothesis,  AS1  also  suppressed  WBC  counts, 
suggesting  that  induced  AChE-R  and/or  cleaved  ARP  participate  in  the  characteristic  stress- 
related  release  of  WBC  from  the  bone  marrow  to  the  periphery. 

To  examine  longer-lasting  influences  of  ARP  on  stress-induced  modulation  of 
hematopoiesis,  we  performed  clonogenic  progenitor  assays  on  bone  marrow  cells  collected  from 
mice  24  hrs  after  stress,  with  or  without  ARP  or  AS1  treatment.  Significant  increases  were  noted 
in  CFU-GEMM  and  CFU-MK  from  all  stressed,  as  compared  with  non-stressed,  animals  (Figure 
4C).  ARP  potentiated  stress  effects  with  regard  to  CFU-MK,  and  exerted  profound  effects  on 
both  CFU-MK  and  CFU-GEMM  when  administered  to  non-stressed  animals  (Figure  4C).  In 
contrast,  no  significant  changes  were  found  in  the  more  differentiated  granulocyte  macrophage 
CFU-GM  progenitors  7  days  after  plating  (data  not  shown).  Togethei  with  the  bone  marrow 
immunolabeling,  these  data  indicate  a  dual  role  for  ARP  in  the  expansion  of  both  megakaryocyte 
and  myeloid  progenitors. 

ARP  promotes  ex  vivo  progenitor  cell  proliferation  under  antisense  suppression  of  AChE-R 
mRNA 

To  selectively  suppress  AChE-R  mRNA  in  hematopoietic  cells,  we  employed  very  low 
concentrations  of  AS1.  At  picomolar  concentrations,  AS1  demonstrated  highly  discriminative 
preference  for  AChE-R  versus  AChE-S  mRNA  (Figure  5A).  At  this  concentration,  an  irrelevant 
oligonucleotide  targeted  to  BChE  mRNA  (ASB)  exerted  a  very  limited  effect  on  AChE  mRNA 
and  activity  levels  ([23])  and  data  not  shown).  The  antisense  strategy  allowed  us  to  demonstrate  a 
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specific  role  for  this  variant  of  AChE  and/or  its  peptide  derivative  ARP  in  hematopoietic 
processes.  To  identify  the  mechanism(s)  accounting  for  the  hematopoietic  expansion  promoted  by 
ARP,  DNA  synthesis  was  studied  by  following  the  incorporation  of  bromodeoxyuracil  (BrdU) 
into  CD34+  cells  to  monitor  stem  cell  proliferation  in  short-term  cultures.  Addition  of  50  ng/ml 
(approx.  2nM)  ARP  together  with  GM-CSF  induced  a  linear  increase  in  BrdU  incorporation  from 
16  to  36  hrs  compared  to  GM-SCF  alone  (Figure  5B  and  data  not  shown).  No  such  effect  on 
proliferation  was  observed  when  synthetic  AChE-S  C-terminal  peptide,  ASP,  was  substituted  for 
ARP  (data  not  shown).  BrdU  incorporation  was  partially  suppressed  by  20  pM  AS1,  but  antisense 
suppression  was  completely  overridden  by  ARP  (Figure  5B).  The  observation  that  antisense 
blockade  of  mRNA  encoding  full-length  AChE-R  failed  to  inhibit  the  proliferative  effects  of 
ARP  reinforced  the  notion  that  ARP  peptide  is  sufficient,  in  the  absence  of  intact  AChE-R  to 
promote  expansion  of  CD34+  hematopoietic  progenitor  cells. 

ARP  potentiates  myelopoiesis  and  megakaryocytopoiesis  ex  vivo : 

To  further  demonstrate  the  hematopoietic  potency  of  ARP,  we  studied  CD34+  progenitor 
cell  development  over  2  weeks  in  liquid  culture  in  the  presence  of  synthetic  ARP,  cortisol  or  stem 
cell  factor  (SCF).  ASP,  PBAN  (an  irrelevant  insect  peptide  of  similar  size  [48]),  or  AS1  served  as 
controls.  Early  and  late  myeloid  and  megakaryocyte  (MK)  progenitor  cells  were  labeled  with 
fluorescent  monoclonal  antibodies  detecting  commitment-  and  maturation-specific  cell  surface 
markers,  and  flow  cytometry  revealed  the  distinct  cell  populations  generated  under  the  different 
growth  conditions.  Ex  vivo,  micromolar  cortisol  concentrations  exerted  significant  enhancement 
of  both  myeloid  and  megakaryocyte  progenitor  populations  (Table  I  and  figure  6).  Thus,  cells 
positive  for  early  and  mature  myeloid  cell  markers  (Figure  6,  top  row)  as  well  as  proliferating 
megakaryocyte  progenitors  positive  for  both  CD34  and  CD41  (Figure  6,  bottom  row)  increased  in 
numbers  in  the  analyzed  cell  populations.  At  1000-fold  lower  concentrations,  ARP  proved  to  be 
an  even  more  powerful  stimulator  of  CD34+  cell  expansion  than  either  cortisol  or  SCF.  The 
antigenic  profiles  and  the  relative  proportions  of  the  distinct  progenitor  populations  that  emerged 
with  ARP  or  cortisol  appeared  similar,  indicating  a  common  pathway  through  which  ARP  or 
cortisol  stimulate  hematopoiesis.  In  contrast,  ASP  and  PBAN  had  few  or  none  of  these  effects. 
SCF,  as  expected,  potentiated  expansion  of  both  MK  and  myeloid  progenitors  [30].  However,  far 
fewer  early  CD34+  progenitors  were  detected.  In  contrast,  AS  1  suppressed  myelopoiesis  and 
proliferating  megakaryocyte  progenitors  (Table  I).  These  findings  further  supported  the  notion 
that  ARP  or  an  ARP-related  peptide  derived  from  AChE-R  exerts  potent,  physiologically  relevant 
effects  on  mammalian  hematopoiesis.  Furthermore,  they  lent  credence  to  the  idea  that  ARP  may 
be  applied  to  therapeutic  protocols  involving  ex  vivo  expansion  of  hematopoietic  stem  cells. 

ARP  can  substitute  for  SCF  ex  vivo : 

To  determine  whether  ARP  could  replace  any  of  the  known  growth  factors  in  a  longer  ex 
vivo  context,  we  tested  ARP  alone  or  combined  with  known  growth  factors,  on  4  week  CD34+ 
cell  cultures.  To  enable  long-term  expansion  of  early  progenitors,  a  cocktail  of  early-acting 
cytokines  (“GFC”:  IL3,  IL6,  TPO  and  FLT3)  was  used.  These  conditions  supported  expansion  of 
CD34+  cells  for  up  to  28  days  in  liquid  culture  (Figure  7A).  In  the  absence  of  cytokines,  however, 
there  was  no  cell  proliferation  and  the  number  of  viable  cells  progressively  declined.  SCF,  devoid 
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of  proliferative  activity  alone,  enhanced  the  proliferation  induced  by  early-acting  cytokines.  ARP 
supported  proliferation  similar  to  that  achieved  with  SCF.  Moreover,  the  proliferative  effects  of 
SCF  and  ARP  together  led  to  a  greater  than  10-100-fold  expansion  of  viable  cells  within  28  days 
(Figure  7A).  These  data  demonstrated  that  the  activity  of  ARP  is  additive  to  those  of  both  the 
early-acting  cytokines  and  that  it  could  replace  SCF  in  supporting  progenitor  cell  proliferation. 
To  evaluate  the  capacity  of  progenitors  expanded  under  the  various  liquid  culture  conditions  to 
differentiate  into  different  hematopoietic  lineages,  we  sampled  the  cultures  weekly  and  performed 
clonogenic  assays  in  the  presence  of  specific  growth  factors.  In  the  presence  of  GFC,  both  ARP 
and  SCF  exerted  a  minimal  2-3  fold  elevation  in  the  formation  of  colonies  containing 
undifferentiated  blast  cells  (CFU-blast)  (Figure  7B).  Together,  ARP  and  SCF  displayed  a  potent, 
synergistic  enhancement  in  CFU-blast  formed  from  cells  seeded  after  14  days  in  liquid  culture. 
ARP  demonstrated  an  equal  or  superior  potency  in  promoting  CFU-GM  and  CFU-MK  compared 
to  SCF  (Figures  7C,D)  and  no  synergistic  effects  between  ARP  and  SCF  were  observed  under 
these  conditions.  In  CD34+  liquid  cultures  grown  without  growth  factors  for  28  days,  cells 
displayed  a  typical  fibroblast  morphology  (Figure  7E).  In  contrast,  a  dense  population  of  small 
round  cells  with  characteristic  stem  cell  morphology  was  observed  in  cultures  supplemented  with 
early-acting  cytokines  and  SCF  (Figure  7F).  This  stem  cell  morphology  was  also  observed  when 
ARP  was  either  combined  with  or  substituted  for  SCF  in  the  cultures  (Figures  7G,H).  Notably, 
floating  “hematons”,  which  are  independent  hematopoietic  units  rich  in  myeloid,  erythroid,  and 
megakaryocyte  progenitors  [49]  were  observed  only  in  ARP-containing  cultures  (Figure  7G,H 
insets).  The  presence  of  hematons  in  the  cultures  further  reinforces  the  differentiation-promoting 
potential  of  this  peptide. 

Discussion 

ARP  potentiates  cortisol  effects: 

We  found  that  ARP,  like  cortisol,  accumulates  in  the  serum  following  acute  stress  and 
facilitates  the  cytokine-induced  proliferation  of  human  CD34+  hematopoietic  progenitors  along 
the  myeloid  and  MK  lineages.  ARP  accumulation  may  involve  stress-induced  transcriptional 
activation  [50]  modulation  of  alternative  splicing  [51,52],  changes  in  the  lifespan  of  AChE-R 
mRNA  [53],  enhanced  proteolytic  activity  [54],  or  a  combination  of  all  these  processes.  Our 
current  findings  demonstrate  that  the  cortisol-induced  accumulation  of  ARP  can  potentiate  and 
extend  its  hematopoietic  effects  long  after  cortisol  itself  ceases  to  be  produced,  as  will  be  required 
from  long-lasting  modulators  of  blood  cell  composition.  Likewise,  the  effects  of  ARP  on 
adherent  cell  foci  suggest  its  involvement  in  the  proliferation  and  differentiation  of  stroma  and/or 
endothelial  cells,  both  of  which  influence  cytokine  production  and  hematopoietic  homeostasis 
through  a  cross-talk  with  CD34+  progenitors  [55,56]. 

ARP  joins  a  family  of  hematopoietically  active  short  peptides. 

In  X-ray  crystallography  models  of  Torpedo  AChE,  the  C-terminus  was  unresolved  [57]. 
C-terminal  sequencing  of  highly  purified  fetal  bovine  serum  AChE-S  (B.P.  Doctor,  personal 
communication)  demonstrated  cleavage  at,  or  near,  the  splice  site.  Together,  these  findings 
indicate  a  loose  structure  that  may  be  susceptible  to  cellular  proteases,  and  a  flexibility  that  may 
enable  binding  to  other  proteins.  The  apparent  natural  cleavage  of  AChE-R  and  AChE-S  invites  a 
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search  for  morphogenic  effects  attributable  to  ARP,  ASP,  or  related  peptides.  Studies  are  under 
way  to  determine  the  exact  cleavage  site  giving  rise  to  circulating  ARP-related  peptide  and  to 
identify  the  protease  responsible  for  this  activity. 

ARP  does  not  display  homology  to  any  known  hematopoietic  growth  factor.  Nevertheless, 
other  short  peptides  were  shown  to  exert  growth-factor-like  activities.  Several  synthetic 
hematopoietically  active  short  peptides  are  known,  some  of  which  are  homologous  to  natural 
peptides  or  protein  domains  (e.g.  the  CC’  surface  loop  of  CD4  [58]).  Others  share  biological 
function,  but  not  sequence,  with  natural  larger  proteins.  For  example,  a  synthetic  20-residue 
cyclic  peptide  [59]  and  its  13-residue  derivative  [60]  mimic  the  interaction  of  the  166-residue 
hematopoietic  growth  hormone,  erythropoietin  (EPO).  Similarly,  a  14-a.a.  peptide  was 
discovered  which  is  equipotent  to  the  332  amino  acid  cytokine  TPO  [61].  ARP  displayed  an 
independent  survival  effect  on  hematopoietic  progenitors  equipotent  to  that  of  SCF.  ARP  was 
further  found  to  promote  megakaryocytopoiesis  and  myelopoiesis  and  to  potentiate  the 
hematopoietic  effects  of  early-acting  cytokines  and  SCF  ex  vivo.  Further  studies  will  be  required 
to  define  the  ARP  domains  which  are  necessary  and  sufficient  for  these  growth-related  activities. 

SCF-ARP  similarities  predict  mutual  receptors. 

ARP  replaced  SCF  in  long-term  cultures,  and  supported  the  formation  of  floating 
“hematons”,  indicating  the  preserved  pluripotential  nature  of  the  CD34+  cells.  Thus,  ARP  may  be 
useful  in  conjunction  with  early-acting  cytokines  for  the  ex  vivo  expansion  of  hematopoietic  cells, 
which  may  be  beneficial  in  bone  marrow  transplantation  [62].  The  antisense  inhibition  of  CD34 
proliferation  by  selective  disabling  of  AChE-R  mRNA  suggests  that  SCF  requires  AChE-R  to 
drive  cell  proliferation.  The  molecular  basis  for  the  selective  action  of  low  concentrations  of 
antisense  oligonucleotides  on  AChE-R  mRNA  is  likely  attributable  to  intrinsic  differences  in  the 
stability  of  this  splicing  variant  (as  suggested  by  its  long,  G,C-rich  3  untranslated  region),  and 
feedback  regulation  of  the  gene  under  antisense  suppression  (Galyam  et  al„  manuscript  in 
preparation).  In  any  case,  the  complete  rescue  achieved  with  ARP  proved  that  the  short  ARP  and 
not  the  entire  AChE-R  protein  is  sufficient  to  support  the  proliferative  effect  of  SCF.  Several 
cytokine  receptors  (e.g.  GM-CSF)  mediate  signals  through  cascades  involving  Janus  and  Src- 
related  tyrosine  kinases  [63].  Such  kinases  activate  and  phosphorylate  tyrosine  residues  in  their 
intracellular  target  proteins,  including  signal  transducers  and  transcription  factors  (e.g.  stat)  [42]. 
Therefore,  ARP-induced  potentiation  of  early-acting  cytokine  activities,  in  conjugation  with  the 
presence  of  a  Stat-5  binding  site  in  the  ACHE  promoter,  suggests  that  ARP  may  autoregulate  its 
own  levels.  This,  or  similar  mechanism(s),  may  explain  both  the  prolonged  effect  of  ARP  on 
cultured  CD34+  progenitors,  its  accumulation  in  the  blood  of  stressed  mice,  and  its  pronounced 
in  vivo  effect  on  AChE  mRNA  levels  in  bone  marrow  stem  cells.  The  high  sensitivity  of  AChE-R 
mRNA  to  low  levels  of  AS1  may  be  due  to  its  1,094  bp  3’ -untranslated  region  (UTR),  with  62% 
G,C  content.  This  marks  it  as  being  more  vulnerable  to  nucleolytic  degradation  (Jacobson  and 
Peltz,  1996)  than  AChE-S  mRNA,  which  includes  a  considerably  shorter,  219  bp,  UTR  with  66% 
G,C. 
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ARP  potentiates  in  vivo  hematopoietic  stress  responses . 

The  in  vivo  accumulation  of  ARP  following  forced  swim  raises  the  possibility  that  the 
reported  increased  risk  for  brain  infarcts  following  acute  stress,  exposure  to  anticholinesterases 
[64,65]  and  Alzheimer’s  disease  [66,67]  is  associated  with  increased  platelet  counts  due  to 
AChE-R  overproduction.  Similarly,  the  increased  risk  for  leukemias  in  farmers  exposed  to 
agricultural  insecticides  [68]  may  be  related  to  AChE-R/ARP  overproduction  under  chronic  or 
repeated  cholinesterase  blockade.  Anti-ARP  antibodies  provide  a  novel  diagnostic  tool  for  testing 
this  option  (and  possibly  for  risk  assessment)  and  antisense  treatment  may  offer  an  attractive 
protocol  for  prevention  of  such  adverse  responses. 

The  mechanism(s)  of  ARP  action  on  hematopoietic  progenitors  is  unknown.  However, 
there  is  evidence  for  cross-talk  between  hematopoietic  cells  at  different  stages  of  differentiation 
and  bone-marrow  stromal  or  endothelial  cells.  Stroma  influences  cytokine  production  and  is 
responsible  for  maintaining  steady-state  hematopoiesis  and  its  adjustment  under  stress  [55].  It  has 
been  proposed  that  primitive  CD34+  progenitors  provide  a  soluble  positive  feedback  signal  to 
induce  cytokine  production  [56]  and  it  is  therefore  tempting  to  speculate  that  ARP  may  play  such 
a  role.  If  so,  the  discovery  of  ARP  would  carry  important  implications  for  ex  vivo  stem  cell 
expansion,  cancer  treatment,  and  gene  therapy.  Experiments  to  determine  the  cellular  and 
molecular  sites  of  action  of  ARP  are  currently  underway. 

AChE-R/ARP  as  ubiquitous  growth-promoting  factors 

The  stem  cell  survival  and  proliferative  effects  of  ARP  denote  a  previously  unforeseen 
activity  that  is  particular  to  the  AChE-R  protein  yet  distinct  from  the  ACh  hydrolysis  and 
adhesion  properties  characteristic  of  the  core  domain  common  to  all  AChE  isoforms.  Thus,  the 
significance  of  ARP  may  extend  beyond  the  hematopoietic  system.  For  example,  the  multi-organ 
expression  AChE-R  predicts  roles  for  ARP  during  embryogenesis  and  may  explain  at  least  some 
of  the  elusive  developmental  function(s)  of  AChE.  In  the  mammalian  brain,  ARP  may  affect  the 
stress-associated  plasticity  of  neuronal  and  glial  properties,  perhaps  explaining  the  morphogenic 
activities  of  AChE-R  in  transfected  glia  [69].  In  the  realm  of  applied  biotechnology,  it  is 
important  to  note  the  significant  recent  advances  in  stem  cell  biology.  For  example,  pluripotent 
stem  cells  can  now  be  derived  in  vitro  from  cultured  human  primordial  germ  cells  [70,71], 
Moreover,  neural  stem  cells  were  shown  to  produce  a  variety  of  blood  cell  types  in  vivo  [72], 
Our  current  findings  present  ARP  as  a  potential  cue  that  may  be  involved  in  the  induction  of  such 
growth  and  expansion  capacities  of  pluripotent  stem  cells  from  multi-tissue  origins.  If  so,  the 
unique  properties  of  this  peptide  can  contribute  toward  the  development  of  diverse  human 
differentiating  cell  sources  for  biomedical  and  research  purposes. 
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Table  I.  The  effect  of  various  conditions  on  cultured  cell  counts8* 


CD34+ 

CD33+ 

CD33+  and 

total 

(early 

(early 

CD15+ 

CD41+ 

Treatment 

viable  cells 

progenitors) 

myeloids) 

(total  myeloids) 

(megakaryocytes) 

control 

61.0 

1.0 

7.2 

12.3 

30.9 

ARP,  2  nM 

570.0 

87.2 

329.0 

530.0 

42.3b 

cortisol,  1.2  p.M 

80.0 

13.0 

45.0 

73.0 

10.1b 

ASP,  2  nM 

100.0 

7.2 

10.0 

13.0 

4.6b 

SCF,  50  ng/ml 

118.0 

6.3 

69.0 

72.0 

2.6b 

AS  1,20  pM 

81.2 

1.4 

2.4 

5.0 

30.9 

PBAN,  2  nM 

105.0 

1.7 

1.6 

3.1 

52.9 

aCultures  were  seeded  at  50,000  cells/well.  Shown  are  cells  per  culture  x  10  on  day  14;  1  of  3 
reproducible  experiments 


bThese  are  also  CD34+  positive  early  cells  with  expansion  potential. 


Legends  to  Figures 

Figure.  1.  Spatiotemporal  shifts  in  the  level  of  embryonic  AChEmRNA  transcripts  in 
blood  cell  forming  tissues  during  embryogenesis. 

Top  left:  A  sagittal  section  of  a  human  embryo  showing  the  hematopoietic  organs  -  AGM  (aorta- 
gonad-mesonephros),  LIV  (liver),  SPL  (spleen),  and  BM  (bone  marrow).  Top  right:  Scheme  of 
gestational  shifts  in  hematopoietic  processes  shows  the  relative  intensity  of  blood  cell  formation 
in  the  various  hematopoietic  organs  throughout  human  gestation,  (according  to  [37,38]).  Ages  of 
embryos  on  which  in  situ  hybridization  was  performed  are  marked  by  grey  columns.  Lower 
panels:  ACHE  gene  expression:  Shown  are  representative  in  situ  hybridization  micrographs  from 
the  tissues  of  human  fetuses  at  the  noted  gestational  ages,  using  probes  selective  for  each  of  the 
alternative  human  AChEmRNA  transcripts.  Lower  right:  spatiotemporal  changes  in  labeling 
intensity  for  each  probe  and  organ.  Note  that  AChEmRNA  expression  increases  in  parallel  to 
active  hematopoiesis  in  the  examined  organs. 

Fig.  2  Potentiated  hematopoiesis  in  ACHE-transgenic  mice 

A.  Congenital  and  persistent  AChE-R  overproduction  increases  platelet  and  WBC  counts 
in  a  dose-dependent  manner.  Shown  are  intra-cardiac  blood  AChE  levels,  platelet  and  WBC 
counts  determined  in  FVB/N  mice  (control,  n=22)  as  compared  to  transgenic  FVB/N  mice 
carrying  the  AChE-S  (TG-S,  n=12),  AChE-R  (TG-R70  and  TG-R45,  n=9  and  6,  respectively)  or 
inactivated  AChE-S  (AChE-SIn,  n=3)  transgenes.  Results  are  expressed  as  average  ±  SEM.  Note 
that  increases  of  2.5  and  130-fold  catalytic  AChE  activities  in  TG-R45  and  TG-R70, 
respectively,  conferred  AChE  platelet  increases  in  both  these  pedigrees,  but  that  WBC  counts 
only  increased  in  TG-R70. 

B.  Enhanced  clonogenic  activities  following  1  week  in  culture  are  pronounced  for  AChE-R 
(line  70)  transgenics,  less  prominent  for  AChE-S  and  negligible  for  AChE-Sin  mice.  Shown  are 
fold-increases  over  the  following  control  values:  serum  activity,  7.49  nmol  substrate 
hydrolyzed/min/mg  protein;  4.77  x  105  platelets/pl;  6.65  x  103  WBCs/pl;  9.02  GEMM  colonies; 
58.8  GM  colonies;  18.87  MK  colonies;  and  12.72  adherent  cell  foci.  Sample  sizes  were  control, 
n=22;  AChE-S,  =12;  AChE-R,  =9;  and  AChE-Sin,  =3.  Asterisks  denote  statistically  significant 
difference  from  the  control  (p<0.01,  Student's  t  test),  for  which  experimental  groups  the  standard 
deviations  ranged  up  to  22%  (AChE  activity,  platelets)  of  the  average. 

Fig.  3.  Cortisol  up-regulates  AChE-R  expression  in  human  CD34+  cells: 

A.  The  upstream  human  ACHE  sequence  includes  clusters  of  hematopoietic  and  stress- 
related  motifs.  Depicted  is  the  reverse  sequence  of  the  cosmid  insert  (accession  no. 
AF002993)  of  the  human  ACHE  promoter.  The  arrow  represents  the  position  of  a 
transcription  start  site.  Two  potentially  relevant  regions  are  shown,  one  beginning  at 
nucleotide  5267  and  one  following  the  first  exon  (black  box).  Fully  conserved  consensus 
sequences  are  marked  by  triangles,  and  the  scale  in  base  pairs  (bp)  is  shown  below.  Note  the 
presence  of  a  glucocorticoid  response  element  (GRE)  half  site  and  two  functionally 
interdependent  sites  for  binding  of  hepatic  nuclear  factor  (HNF,)  (based  on  [34] 
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B.  Enrichment  of  umbilical  cord  blood  (UCB)  CD34+  cells:  CD34+  cells  were  enriched 
from  human  umbilical  cord  blood  cells  using  bead-attached  antibodies  to  the  CD34  protein. 
Shown  is  a  representative  flow  cytometry  of  the  recovered  cells,  demonstrating  that  89% 
express  the  CD34  antigen.  Inset:  Example  photograph  of  enriched  CD34+  cells  stained  by 
May-Griinwald-Giemsa.  Note  the  large  nuclei  surrounded  by  thin  rims  of  cytoplasm, 
characteristic  of  stem  cells. 

C, D.  Cortisol  stimulates  expression  of  AChE  mRNA  splicing  variants:  Shown  are 
CD34+  cells  treated  with  the  noted  concentrations  of  cortisol  equivalent  to  physiologically 
normal  (0.1  pM),  mild  stress  (0.6  pM)  and  acute  stress  conditions  (1.2  pM).  C.  Presented 
are  cytochemically  stained  cells  (top)  and  pseudocolor  representations  of  3-dimensional 
projections  created  from  confocal  scanned  images  of  CD34+  cells  following  in  situ 
hybridization  with  the  noted  5'-biotinylated  2’0-methyl  cRNA  probes  selective  for  the 
"synaptic"AChE-S  and  "readthrough"  AChE-R  mRNA  variants.  Note  increasing  red 
cytoplasmic  labeling  under  high  cortisol  levels.  Each  photograph  represents  one  of  10-20 
analyzed  cells  with  deviations  in  labeling  of  less  than  6%.  D.  Shown  are  the  results  of  semi- 
quantitative  image  analysis  of  in  situ  hybridization  for  each  AChE  mRNA  transcript  under 
stress-relevant  concentrations.  Note  that  only  AChE-R  mRNA  accumulated  under  moderate 
cortisol  concentrations.  Asterisks  denote  statistical  significance  (p<  0.05,  ANOVA). 

Fig.  4.  ARP  has  short  and  long  term  hematological  effects  in  vivo 

A.  ARP  accumulates  in  the  serum  under  stress.  Top:  Shown  are  Ponceau-stained  lanes  of 
gradient  polyacrylamide  gels  (4-20%,  Bio-Rad)  loaded  with:  (1)  protein  extract  from  COS  cells 
transfected  with  AChE-R  encoding  plasmid  and  mixed  with  synthetic  ARP;  (2)  recombinant 
human  AChE-S  (Sigma)  mixed  with  synthetic  ASP;  (3)  2  pi  serum  from  a  mouse  injected  with 
saline  or  (4)  a  mouse  subjected  to  confined-swim  stress  24  hr  post-treatment.  Positions  of 
molecular  weight  markers  are  shown  on  the  left.  Bottom:  The  above  shown  gel  was 
electroblotted  and  probed  with  affinity-purified  rabbit  antibodies  elicited  toward  a  recombinant 
GST-ARP  fusion  protein.  Note  labeling  in  the  serum  of  a  67  KDa  protein,  consistent  with  the 
expected  size  of  AChE-R;  also  note  selective  labeling  of  synthetic  ARP  (but  not  AChE-S  or 
ASP)  by  this  antibody  and  the  appearance  of  a  novel  immunoreactive  band  of  approx.  5  Kd  in 
serum  of  the  stressed  mouse. 

B.  ARP  facilitates  stress-induced  hematopoietic  responses  in  vivo.  Top  panel:  Shown  are 
bone  marrow  smears  immunostained  with  anti-GST-ARP  antibodies.  Note  that  AS1  reduced  and 
ARP  intensified  Immunolabeling  (brown  precipitates)  and  increased  the  number  of  small  ARP- 
positive  cells  in  stressed  mice.  Middle  panel:  Number  of  ARP-immunopositive  cells  in  bone 
marrow  from  the  noted  groups  of  FVB/N  mice;  Graph  represents  an  average  of  5  different  fields 
counted  at  xlOOO  magnification  for  bone  marrow.  Bottom  panel:  Peripheral  white  blood  cell 
counts;  Note  that  both  bone  marrow  immunostaining  and  white  cell  counts  revealed  ARP- 
dependent  elevations  and  AS1  suppression.  N=12  mice  per  ARP  and  AS1  treated  stress  groups. 
Control,  non-stressed  FVB/N  mice  were  injected  intraperitoneally  with  normal  saline  (n=6)  or 
ARP  (n=4). 
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C.  1  week  clonogenic  cultures.  Bone  marrow  cells  from  the  noted  groups  of  mice  were 
subjected  to  clonogenic  progenitor  assays  as  described  in  methods.  Top:  myeloid  CFU-GEMM, 
bottom:  CFU-MK.  Asterisks  denote  statistical  significance  (p<  0.05,  ANOVA).  Increased 
numbers  of  CFU  reflects  increased  numbers  of  viable  progenitors  able  to  give  rise  to  each  of  the 
assayed  cell  lineages. 

Fig.  5.  ARP  facilitates,  and  AS1  suppresses  proliferation  of  CD34+  progenitors. 

A.  Low  concentrations  of  AS1  selectively  suppress  AChE-R  in  human  CD34+  progenitors: 

Human  CD34+  cells  were  incubated  for  24  hr  with  the  noted  concentrations  of  AS1,  an 
antisense  oligodeoxynucleotide  targeted  to  exon  2  in  AChE  mRNA.  Shown  are  confocal  images 
taken  following  in  situ  hybridization  with  cRNA  probes  for  the  noted  transcripts.  Graph  shows 

an  inverted,  sequence-specific,  dose-dependent  suppression  of  AChE-R  mRNA  in  CD34  cells 
by  AS1.  Shown  are  average  fluorescent  signals  ±  S.D.  measured  in  confocal  projections  (20 

cells  per  group)  of  CD34+  cells  treated  with  AS  1  and  subjected  to  in  situ  hybridization  with 
AChE-S  and  -R  specific  probes.  Asterisks  note  statistically  significant  differences  from  control 
(p<0.001),  Student’s  t  test). 

B.  ARP  enhances  cell  proliferation.  Cell  proliferation  was  evaluated  by  measuring  BrdU 
incorporation  following  16  hr  incubation  in  the  presence  of  GM-CSF  with  or  without  50  ng/ml 
ARP  and  20  pM  of  AS1.  Presented  are  average  results  of  3-6  reproducible  experiments  ±  SEM. 
Note  that  ARP  enhances  GM-CSF-supported  increases  in  cell  proliferation,  that  AS1  attenuates 
this  enhancement  and  that  ARP  overrides  antisense-suppressed  proliferation. 

Fig.  6.  Cortisol  and  ARP  support  myeloidogenic  and  megakaryocytic  expansion  ex  vivo. 

Flow  cytometric  analysis  of  CD34+  derived  hematopoietic  cells  was  performed  after  two  weeks 
in  liquid  culture.  Each  analysis  included  10,000  events  and  regions  were  set  according  to  the 
appropriate  isotype  controls  to  exclude  non  specific  labeling  (first  column).  The  percentage  of 
myeloid  (top  row)  and  megakaryocytic  (bottom  row)  cells  that  developed  in  the  presence  of  each 
growth  supplement  is  indicated  by  numbers  on  the  relevant  dot  plots.  Unlabeled  cells  appear  as 
black  dots,  double  labeled,  as  blue  dots. 

Fig.  7.  Potent  activity  of  ARP  on  progenitor  cell  expansion  and  differentiation. 

A.  Effects  on  cultured  cell  viability  and  proliferation  in  liquid  cultures.  Human  CD34+  cells 
were  cultured  (105  cells/ml)  in  24-well  tissue  culture  plates  and  grown  in  IMDM  containing  10% 
autologous  plasma  and  early-acting  cytokines:  interleukin-3  (IL-3,  5  ng),  interleukin-6  (IL-6,  50 
ng),  thrombopoietin  (TPO,  10  ng),  flt-3  ligand  (flt-3,  10  ng),  to  which  stem  cell  factor  (SCF,  10 
ng)  and/or  the  synthetic  AChE-R  peptide  (ARP,  2  nM)  were  added.  Proliferating  cells  were 
demi-depleted  and  fresh  cytokines  added  every  4  to  7  days,  depending  on  the  cell  density  in  each 
culture.  The  viability  of  cells  was  assessed  by  trypan  blue  exclusion.  Note  that  ARP  can  replace 
SCF  in  inducing  hematopoietic  cell  proliferation  and  that  ARP+SCF  exert  synergistic  effects 
under  prolong  culture  conditions.  Average  ±  S.D.  of  4  experiments. 
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B-D.  Progenitor  cell  assays.  The  presence  of  CFU  progenitors  was  assessed  at  weekly  intervals 
in  secondary  colony  assays.  CD34+  progenitors  were  grown  in  primary  liquid  cultures  as  in 
Figure  7  A  for  the  noted  time  and  plated.  Colonies  were  counted  after  12  to  14  days.  All  cultures 
contained  a  combination  of  growth  factors  (GFC:  IL-3,  IL-6,  TPO  and  fU3)  to  which  were  added 
ARP  and/or  SCF,  as  noted,  containing  10%  fetal  calf  serum.  IL-3  (5  mg/ml)  and  GM-CSF  (10 
ng/ml).  CFU-MK  (megakaryocytes)  were  grown  in  plasma  clots  containing  15%  AB  plasma, 
TPO  (10  ng/ml)  and  SCF  (10  ng/ml).  The  absolute  number  of  CFU-GM,  CFU-MK  and  CFU- 
blast  grown  at  each  time  point  during  the  culture  was  calculated  by  multiplying  their  incidence 
(per  cells  seeded)  by  the  number  of  living  nucleated  cells  present  in  each  liquid  culture.  Note  that 
ARP  can  replace  SCF  in  proliferating  progenitors  for  MK  and  GM,  but  not  blast  colonies. 
Nevertheless,  ARP  and  SCF  together  exert  synergistic  effects  on  CFU-blast.  Data  are  averages  of 
4  experiments  ±  SEM. 

E.-H.  ARP  facilitates  development  of  hematon  bodies.  Shown  are  representative  photographs 
of  the  28-day  liquid  cultures  detailed  in  Fig.  7  A:  In  the  absence  of  stem  cell  growth  factor,  and  in 
the  presence  of  GFC,  sparse  hematopoietic  cells  and  many  fibroblasts  are  seen.  (E),  either  ARP 
or  SCF  increases  the  density  of  small,  round  hematopoietic  stem  cells  and  sparse  MKs  (white 
arrows).  GFC  +  ARP  facilitate  the  formation  of  hematon  bodies  (insets)  without  (H)  or  with  SCF 
(G). 
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Abstract 

Establishment  of  anti-cholinesterase  therapies  for  Alzheimer's  disease  revealed 
several  levels  of  responsiveness,  but  the  molecular  origin  of  such  diversity  is  unclear. 
Here,  we  report  differences  between  the  anti-cholinesterase  sensitivities  of  the  3  C- 
terminally  distinct  human  acetylcholinesterase  (AChE)  isoforms  produced  by 
alternative  splicing  from  the  original  transcript  of  the  single  ACHE  gene:  the  major 
"synaptic"  AChE-S,  the  "erythrocytic"  AChE-E  and  the  stress-associated 
"readthrough"  AChE-R.  The  3  AChE  variants  display  distinct  electrophoretic 
mobilities  and  are  immunochemically  distinguishable  by  region-specific  antibodies. 
Unlike  AChE-S  and  AChE-E,  the  C-terminal  sequence  of  AChE-R  does  not  support 
dimerization  or  coupling  to  a  glycophosphatidoinositide  moiety.  When  produced  in 
transgenic  mice,  AChE-R  remained  low  salt-soluble  and  monomeric.  In  vitro 
inhibition  curves  indicated  significantly  higher  sensitivities  of  AChE-R  than  those  of 
recombinant  AChE-S  or  purified  AChE-E  for  the  organophosphates 
diisopropylfluorophosphonate  and  paraoxon,  as  well  as  for  the  pseudo-irreversible 
carbamate,  rivastigmine  (Exelon™).  In  contrast,  all  AChE  isoforms  were  similarly 
sensitive  to  tacrine  (Cognex™)  and  donepezil  (Aricept™);  and  AChE-R  was  4-fold 
less  sensitive  than  AChE-S  to  the  peripheral  site  inhibitor,  propidium.  Transgenic  C- 
terminally  truncated  "core"  AChE-C  protein  presented  similar  inhibitor  sensitivities  to 
those  of  AChE-R.  In  vivo,  somatosensory  cortex  extracts  from  AChE-R  transgenics 
and  acutely  stressed  mice  had  larger  proportions  of  monomeric  enzyme  and  displayed 
higher  sensitivity  to  rivastigmine,  but  not  donepezil,  as  compared  to  strain-  and  age- 
matched  control  mice  and  AChE-S  transgenics.  Our  findings  demonstrate  previously 
unsuspected  differences  among  drug  responses  of  alternative  AChE  isoforms  and 
predict  stress-related  and  drug-induced  changes  in  the  responsiveness  to  certain  anti¬ 
cholinesterases. 

Introduction 

The  uses  of,  and  exposure  to  inhibitors  of  the  acetylcholine  hydrolyzing  enzyme 
acetylcholinesterase  (AChE,  EC  3. 1.1. 7)  have  rapidly  grown  over  the  past  few  years. 
The  anti-AChEs  tacrine  (Cognex™),  donepezil  (Aricept™)  and  rivastigmine 
(Exelon™)  are,  to  date,  the  only  drugs  approved  for  treatment  of  Alzheimer’s  disease 
patients  (Anand,  et  al.,  1996,  Giacobini,  1998).  These  drugs  have  proven  to  be  useful 
for  short-term  improvement  of  memory  failure  (Davis,  et  al.,  1992)  and  are  used  for  a 
growing  number  of  patients  worldwide.  Other  anti-AChE  drugs  include  neostigmine, 
used  for  treating  patients  with  myasthenia  gravis  (Engel,  et  al.,  1998)  and 
pyridostigmine  as  a  prophylactic  in  anticipation  of  chemical  warfare  (Friedman,  et  al., 
1996),  muscle  relaxants  under  surgery  (e.g.  succinylcholine,  (Friedman,  et  al.,  1996, 
Loewenstein  Lichtenstein,  et  al.,  1995),  and  several  other  inhibitors  of  less  frequent 
usage.  In  addition  to  drugs,  exposure  to  anti-AChE  insecticides  is  known  for  industrial 
and  agricultural  workers  and  domestic  users  (reviewed  by  Feldman  1999a,  1999b). 
Altogether,  such  an  extensive  exposure  to  anti-AChEs  calls  for  in-depth  examination 
of  the  human  responses  to  these  agents. 

In  vivo,  most  anti-AChEs  interact  first  with  the  AChE  in  peripheral  organ  systems: 
AChE-E  in  the  blood,  where  it  is  associated  with  the  membrane  of  erythrocytes 
(Dutta-Choudhury  and  Rosenberry,  1984)  and  AChE-S  in  muscle,  where  it  is 
embedded  in  neuromuscular  junctions.  The  AChE-homologous  protein 
butyrylcholinesterase  (BuChE,  EC  3. 1.1. 8)  resides  in  the  plasma  and  liver.  BuChE, 
too,  binds  most  anti-AChEs,  protecting  the  CNS  by  serving  as  a  scavenger  that 
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reduces  the  amount  of  inhibitor  reaching  the  brain  (Jbilo,  et  al.,  1994,  Soreq  and 
Glick,  2000).  Therefore,  variations  in  peripheral  AChE  and  BuChE  levels  would 
inevitably  change  the  sensitivity  to  anti-AChEs.  This  can  explain  the  adverse 
responses  to  such  drugs  in  carriers  of  “atypical”  (Loewenstein  Lichtenstein,  et  al., 
1995)  or  “silent”  BuChE  (Prody,  et  al.,  1989)  or  in  individuals  with  polymorphisms  in 
the  ACHE  promoter  (Shapira,  et  al.,  2000).  However,  the  incidence  of  these  mutations 
is  too  low  to  account  for  the  spectrum  of  sensitivities  to  anti-AChEs.  This  calls  for  an 
explanation  focussed  on  the  AChE  protein  itself. 

What  has  not  yet  been  addressed  in  previous  considerations  is  that  there  are  3  target 
AChEs,  which  result  from  alternative  splicing  of  the  pre-mRNA  transcript  of  the 
single  ACHE  gene  (Li,  et  al.,  1991,  Ben  Aziz  Aloya,  et  al.,  1993).  All  isoforms  share 
the  N-terminal  543-amino  acid  residue  core  (AChE-C),  and  in  vitro,  have 
indistinguishable  specificities  and  specific  activities  (Soreq  and  Glick,  2000,  Schwarz, 
et  al.,  1995,  Glick,  et  al.,  2000).  The  “synaptic”  isoform,  AChE-S,  is  C-terminated  by 
a  unique  40-residue  sequence,  the  cysteine  residue  of  which  enables  dimerization.  Up 
to  to  three  tetramers  can  interact  with  the  collagen  triple  helix-like  ColQ  structural 
subunit  characteristic  of  the  neuromuscular  junction  (reviewed  by  Massoulie  et  al. 
1998).  “Erythrocytic”  AChE-E  is  C-terminated  by  its  unique  14-residue  peptide  which 
enables  linkage  to  the  erythrocyte  membrane  through  glycophosphatidoinositide 
groups  (Futerman,  et  al.,  1985).  Finally,  the  “readthrough”  AChE-R  soluble  monomer 
(Seidman,  et  al.,  1995)  C-terminates  with  a  hydrophilic,  cysteine-free  26-residue 
sequence.  Most  drug  testing  on  human  AChE  has  been  done  with  AChE-E  purified 
from  blood  (Giacobini,  1998)  or  recombinant  AChE-S  produced  in  stably  transfected 
cells  (Shafferman,  et  al.,  1994).  In  contrast,  drug  sensitivity  testing  for  AChE-R  was 
limited  to  crude  homogenates  of  injected  Xenopus  oocytes  with  low  signal  to  noise 
ratios  that  prevented  calculation  of  inhibition  constants  (Schwarz,  et  al.,  1995). 
Subsequent  studies  have  emphasized  the  importance  of  AChE-R  responses,  as  AChE- 
R  mRNA  levels  were  shown  to  drastically  increase  in  the  mammalian  brain  shortly 
after  psychological  stress  (Kaufer,  et  al.,  1998),  exposure  to  anti-AChEs  (Kaufer,  et 
al.,  1999),  or  head  injury  (Shohami,  et  al.,  2000).  Moreover,  anticholinesterase 
exposure  also  modifies  the  fraction  of  AChE  represented  by  AChE-R  in  muscle  (Lev- 
Lehman,  et  al.,  2000)  and  intestinal  epithelium  (Shapira,  et  al.,  2000).  Therefore  more 
detailed  testing  of  its  inhibitor  sensitivity  profile  is  required. 

To  determine  whether  AChE-R  properties  differ  from  those  of  the  other  AChE 
isoforms,  we  employed  milk  and  muscle  homogenates  from  transgenic  mice  with 
massive  human  AChE-R  overproduction  (Stemfeld,  et  al.,  2000).  In  comparison,  we 
used  highly  purified  recombinant  AChE-S  and  AChE-E  as  well  as  C-terminally 
truncated  AChE-C,  produced  in  another  pedigree  of  transgenic  mice.  Truncated  AChE 
has  been  used  in  the  past  to  evaluate  the  role  of  residues  in  the  C-terminal  sequence  in 
multimerization  (Cousin,  et  al.,  1996,  Gough  and  Randall,  1995,  Gibney  and  Taylor, 
1990),  but  no  effect  had  been  noted  on  catalytic  properties.  To  investigate  the 
physiological  relevance  of  our  findings,  we  used  brain  homogenates  from  stressed  or 
transgenic  mice  for  inhibitor  sensitivities  and  sedimentation  studies  and 
immunolabeled  the  examined  AChE-R  protein  with  an  antibody  targeted  to  its  unique 
C-terminal  sequence.  Our  findings  demonstrate  a  distinct  inhibitor-sensitivity  profile 
for  AChE-R;  stress-related  and/or  drug-induced  up-regulation  of  the  level  of  this 
particular  AChE  variant  may,  therefore,  modulate  the  inhibitor  responses  of  brain 
AChE. 
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Materials  and  Methods 

Chemicals:  Human  erythrocyte  AChE-E,  human  recombinant  AChE-S, 
tetraisopropylpyrophosphoramide  (iso-OMPA),  acetylthiocholine  (ATCh), 
pyridostigmine,  tacrine  (Cognex™’  Parke  Davis/Warner-Lambert), 
diisopropylfluorophosphonate  (DFP),  diethyl-p-nitrophenylphosphonate  (paraoxon), 
oxytocin  and  other  basic  chemicals  were  all  purchased  from  Sigma  Chemical  Co.  (St. 
Louis,  MO,  USA).  Rivastigmine  (Exelon™,  Novartis)  was  gratefully  received  from 
Dr.  M.  Weinstock  (Jerusalem,  Israel).  Donepezil  (Aricept™,  Pfizer)  was  purchased 
commercially.  Monoclonal  mouse  anti-human  AChE  antibodies  were  provided  by  Dr. 
Norgaard-Pedersen  (Copenhagen,  Denmark).  Polyclonal  rabbit  antibodies  against  the 
human  AChE-R  C-terminal  sequence  were  prepared  as  detailed  elsewhere  (Stemfeld, 
et  al.,  2000).  Secondary  antibodies:  goat  anti-rabbit  and  donkey  anti-mouse, 
horseradish  peroxidase  conjugated  antibodies  and  ECL  detection  kit  were  all 
purchased  from  Santa  Cruz  Biotechnology  (Santa  Cruz,  CA,  USA). 

Transgenic  animals  included  FVB/N  mice  carrying  the  AChE-S  transgene  under 
control  of  the  proximal  600  bp  of  the  human  ACHE  promoter  (Beeri,  et  al.,  1995), 
transgenics  which  strongly  express  AChE-R  under  the  cytomegalovirus  (CMV) 
promoter  (lines  45  and  70)  (Stemfeld,  et  al.,  2000)  and  an  additional  line  of  FVB/N 
transgenics  expressing  the  AChE-C  protein,  also  under  the  CMV  promoter.  Confined 
swim  stress,  anti-AChE  exposure  and  isolation  of  the  brain  of  these  animals  were  as 
detailed  elsewhere  (Kaufer,  Friedman  et  al.  1998;  Kaufer,  Friedman  et  al.  1999; 
Shapira,  Tur-Kaspa  et  al.  2000);  homogenates  prepared  from  these  brains  were  kept  at 
-70°C  until  use. 

Milk  collection:  Milk  was  collected  from  nursing  mice  7  days  after  parturition.  Two 
hr  following  the  separation  of  the  mothers  from  their  pups,  they  were  injected  with  0.3 
IU  oxytocin.  Milk  was  collected  10  min  later  by  gentle  massage  of  the  mammary 
gland  and  was  taken  up  by  a  capillary  tube.  The  milk  was  diluted  1 :4  with  double 
distilled  water  and  kept  at  -20°C. 

In  situ  hybridization:  In  situ  hybridization  was  performed  on  7  pm  paraffin- 
embedded  mouse  mammary  gland  and  gastrocnemius  muscle  slices  with  50-mer  5’ 
biotinylated,  2'-0-methylated  AChE  cRNA  probes  complementary  to  two  alternative 
mouse  reading  frames:  exon  6  for  AChE-S  and  pseudo-intron  4  for  AChE-R,  all  as 
detailed  elsewhere  (Grisaru,  et  al.,  1999).  Detection  of  the  biotinylated  probes 
involved  streptavidin-conjugated  alkaline  phosphatase,  using  fast  red  substrate 
(Boehringer/Mannheim,  Germany). 

AChE-R  antibodies:  A  full  description  of  the  preparation  of  the  antibodies  has  been 
reported  (Stemfeld,  et  al.,  2000)  .  Briefly,  by  molecular  biology  techniques,  ARP 
(AChE-R  Peptide),  with  the  sequence  of  the  26  C-terminal  residues  of  AChE-R 
(GMQGPAGSGWEEGSGSPPGVTPLFSP)  was  fused  to  glutathione  S-transferase 
(GST),  and  the  fusion  protein  was  expressed  in  E.  coli.  Rabbits  were  immunized  with 
purified  ARP-GST  and  specific  serum  antibodies  adsorbed  with  GST. 

AChE  activity  and  inhibitor  assays:  Protein  extraction  from  various  brain  regions 
was  performed  in  low  salt  detergent  solution  (1%  Triton  X-100  in  0.01  M  Na 
phosphate  buffer,  pH  7.4)  and  from  muscle  with  high  salt  detergent  solution  (0.01  M 
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Tris  HC1;  1  M  Na  chloride;  1%  Triton  and  1  mM  EDTA),  as  described  previously 
(Seidman,  et  al.,  1994).  AChE  activity  was  measured  spectrophotometrically  (Ellman, 
et  al.,  1961)  using  a  multiwell  assay  and  a  Molecular  Dynamics  (Palo  Alto,  CA,  USA) 
reader.  Iso-OMPA  (10'5  M)  was  included  in  these  assays  to  block  BuChE  activity. 
The  activities  of  AChE-C  and  AChE-R  were  found  to  be  stable  for  5  hr  at 
temperatures  up  to  42  °C  and  to  resist  freezing  and  thawing.  For  inhibition  studies 
with  reversible  inhibitors,  AChE  from  milk  or  gastrocnemius  muscle  and  brain 
homogenates  of  stressed  or  AChE-R,  AChE-C  or  AChE-S  transgenic  mice,  purified 
human  AChE-E  and  human  recombinant  AChE-S  were  pre-incubated  for  10  min  with 
the  anti-cholinesterases  in  Ellman’s  reagent  (Ellman,  et  al.,  1961).  ATCh  (1  mM)  was 
added  and  its  hydrolysis  rate  was  determined  spectrophotometrically  as  described 
above.  Inhibition  was  observed  over  inhibitor  concentration  ranges  of  6  orders  of 
magnitude.  Inhibition  of  AChE  activity  values  were  determined  from  triplicate  assays. 
IC50  values  were  calculated  by  Grafit  (version  3,  Erithacus  Software,  Staines,  UK)  and 
Ki  values  were  then  calculated  by  the  method  of  Hobbiger  and  Peck  (1969),  based  the 
Km  value  of  human  AChE  for  ATCh  of  0.14  mM  (Ordentlich,  et  al.,  1995).  In  the  case 
of  irreversible  inhibitors,  both  kcat  and  K,  were  determined  by  adsorbing  the  chosen 
enzyme  to  antibody-coated  wells  of  microtiter  plates,  exposing  them  to  an  inhibitor  at 
several  concentrations  and  for  varying  lengths  of  time,  washing  to  remove  the 
inhibitor,  and  assaying  for  remaining  activity.  (Schwarz,  et  al.,  1995)  The 
concentration  dependence  of  the  resultant  pseudo-first  order  rate  constants  yielded  an 
affinity  constant,  Kj,  and  their  extrapolation  yielded  the  catalytic  rate  constant,  kcat- 

Polyacrylamide  gel  electrophoresis:  Denaturing  SDS-polyacrylamide  gel 
electrophoresis  and  blotting  were  performed  as  described  (Seidman,  et  al.,  1995) 
using  the  noted  antibodies.  Blots  were  exposed  to  the  proper  secondary  peroxidase- 
conjugated  antibodies  and  chemiluminescently  detected.  Non-denaturing  gel 
electrophoresis  (120  V  for  4-6  hr  at  4°C)  was  performed  in  vertical  6% 
polyacrylamide  gels  using  a  3%  stacking  gel  and  buffers  identical  to  those  employed 
for  standard  Laemmli  SDS-PAGE  except  that  1%  Triton  X-100  replaced  SDS  in  all 
solutions.  Gels  were  rinsed  3  times  with  double  distilled  water  and  stained  for 
catalytically  active  AChE  for  1  hr  under  rotation  at  room  temperature,  using  a 
histochemical  staining  procedure  (Kamovsky  and  Roots,  1964). 

Immunoblot  analysis  was  performed  essentially  as  detailed  (Stemfeld,  et  al.,  1998). 
Immunodetection  was  with  pooled  goat  anti-mouse  and  anti-human  AChE  antibodies, 
directed  at  an  N-terminal  peptide  common  to  the  different  variants  (N-19  and  E-19; 
Santa  Cruz  Biotechnology,  Santa  Cruz,  CA).  Signals  were  quantified  using  Image-Pro 
software  (Media  Cybernetics,  Silver  Spring,  MD). 

Sucrose  gradient  ultracentrifugation  was  performed  with  20-80  |il  samples 
containing  catalytically  active  AChE  sufficient  to  achieve  a  AA405  of  approx.  2.4/min 
in  the  Ellman’s  assay.  Muscle  extracts  were  loaded  with  high  salt  buffer  and 
somatosensory  cortex  extracts,  with  low  salt  buffer.  Samples  were  applied  to  12  ml  5- 
20%  linear  sucrose  density  gradients.  Ultracentrifugation  was  for  20  hr,  at  37,000  rpm 
at  4°C  in  the  presence  of  bovine  catalase  (Sigma)  as  a  sedimentation  marker  (1 1.4  S). 
Fractions  were  collected  into  96-well  microtiter  plates  and  assayed  for  AChE  activity 
essentially  as  described  above. 

Results 
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Several  lines  of  transgenic  mice  were  screened  for  the  level  of  muscle  AChE  and  for 
their  secretion  of  the  appropriate  recombinant  AChE  variants  in  milk  (Table  1).  For 
AChE-R,  the  highest  expressor,  line  70,  was  chosen  for  subsequent  studies. 

In  vivo  production  of  AChE-R  in  milk  and  muscle  of  transgenic  mice 

Expression  of  the  AChE-R  transgene  in  the  mammary  gland  and  muscle  of  transgenic 
mice  was  first  verified  by  in  situ  hybridization  using  a  5’ -biotinylated  2'-0-methylated 
AChE  cRNA  probe  targeted  at  the  14  pseudo-intron,  which  encodes  the  C-terminal 
sequence  that  characterizes  AChE-R.  AChE-R  mRNA  levels  appeared  to  be 
considerably  higher  in  mammary  gland  alveoli  and  around  nuclei  in  the  gastrocnemius 
muscle  of  AChE-R  transgenics  as  compared  with  AChE-S  transgenics  or  FVB/N 
control  mice.  In  contrast,  mouse  AChE-S  mRNA  levels  were  essentially  similar  in 
these  tissues  (data  not  shown).  This  high  expression  level,  consistent  with  previous 
finding  of  cmv-controlled  expression  of  AChE  (Seidman,  et  al.,  1995),  yielded  over 
350-fold  excess  of  hydrolytic  activities  in  muscle  homogenates  of  AChE-R  and 
AChE-C  transgenics  as  compared  with  AChE-S  and  non-transgenic  control  mice 
(Table  1).  No  increase  in  milk  AChE  activity  was  observed  in  AChE-S  transgenics, 
where  the  proximal  human  ACHE  promoter  limited  expression  to  the  nervous  system 
(Beeri,  et  al.,  1995).  In  contrast,  milk  enzyme  activities  were  up  to  230-fold  higher 
than  controls  in  both  AChE-C  and  AChE-R  pedeigrees  (the  BuChE-specific  inhibitor 
iso-OMPA  was  used  to  block  all  but  AChE  activity)  (Table  1).  Muscle  enzyme 
activities  were  similarly  elevated.  Although  muscle  AChE-R  comprises  both  the  host 
and  the  transgenic  protein  (Lev-Lehman,  et  al,  2000).  AChE-R  of  either  muscle  or 
milk  thus  presented  signal  to  noise  ratios  sufficiently  high  for  testing  inhibitor 
sensitivities  of  the  AChE-R  protein.  Preincubation  (10  min)  of  AChE-S  with  normal 
milk  at  the  same  dilution  as  that  used  in  the  assay  of  transgenic  milk  yielded  the  same 
activity  as  did  preincubation  with  saline,  indicating  that  milk  contains  no  ChE 
inhibitor.  The  enzyme  activities  in  these  tissues  appeared  stable  with  time  and  under 
freezing  and  thawing,  which  enabled  accumulation  of  enzyme  preparations  for 
comparative  tests. 

Transgenic  AChE-R  is  subject  to  tissue-specific  post-transcriptional 
modifications 

Non-denaturing  gel  electrophoresis  followed  by  cytochemical  staining  for  catalytic 
activity  revealed  a  diffuse  fast-migrating  band  for  AChE-R  in  trangenic  milk,  which 
was  absent  in  the  milk  of  control  mice  (Fig  1  A).  Muscle  homogenates  showed  marked 
heterogeneity  of  staining,  with  two  major  diffuse  bands,  both  different  from  the  milk 
enzyme.  This  suggested  tissue-specific  post-transcriptional  and/or  post-translational 
modification.  The  transgene  that  expresses  the  AChE-R  protein  also  includes  exon  5, 
which  produces  the  C-terminus  peptide  characteristic  of  AChE-E  (Stemfeld,  et  al., 
2000).  This  raised  the  possibility  that  the  slower  migrating  enzyme  band  in  muscle 
homogenates  represented  AChE-E-dimers  produced  from  this  transgene  by  alternative 
splicing.  That  purified  erythrocyte  AChE-E  migrated  yet  more  slowly  again  indicated 
tissue  specificity  for  the  post-translational  processing  of  muscle  as  compared  with 
erythrocyte  enzyme,  consistent  with  the  variable  AChE  glycosylation  reported  by 
others  (Meflah,  et  al.,  1984).  Recombinant  AChE-S  from  HEK293  cells  (Shafferman, 
et  al.,  1994)  migrated  yet  more  slowly  (not  shown),  as  did  mouse  brain  AChE;  and 
plasma  BuChE  presented  a  relatively  sharp  band  co-migrating  with  AChE-E.  A  faint 
parallel  band  in  the  mouse  milk  probably  represents  the  endogenous  enzyme;  AChE  is 
known  to  be  secreted  also  in  human  milk  (Spitsyn  and  Bychkovskaia,  1994). 


6 


Tissue  homogenates  from  normal  and  transgenic  mouse  lines  did  not  differ  in  the 
presence  of  complex  or  high  mannose  chains,  a(2-3)  or  a(2-6)  terminal  sialyl 
residues,  or  the  presence  of  O-linked  galactosyl-B(l-3)galactosamine  (as  tested  with 
the  DIG  Glycan  Differentiation  Kit,  Boehringer/Mannheim,  Germany)  (data  not 
shown).  To  further  analyze  the  glycosylation  of  specific  AChE  variants,  we  subjected 
tissue  homogenates  to  enzymatic  hydrolysis  by  N-glycosidase  F  and  endoglycosidase 
F  (Boehringer),  followed  by  denaturing  gel  electrophoresis  and  immunoblot  analysis 
with  antibodies  targeted  at  the  core  domain  common  to  all  AChE  variants.  In  this  test, 
migration  properties  were  similarly  altered  for  AChEs  from  normal  and  all  transgenic 
lines.  We  conclude  that  by  these  criteria  the  transgenic  enzymes  were 
indistinguishable  in  glycosylation  from  natural  AChE. 

Transgenic  milk  and  muscle  AChE  variants  display  distinct  electrophoretic 
mobilities  and  multimeric  structures 

When  subjected  to  gel  electrophoresis  under  denaturing  conditions  followed  by 
immunoreaction  with  an  antibody  targeted  to  AChE-C,  muscle  homogenates  from 
AChE-R  transgenic  mice  revealed  two  bands  of  62  and  67  KDa  (Fig.  IB).  The 
antibody  did  not  detect  mouse  muscle  AChE,  but  did  recognize  two  proteins  from 
mouse  milk,  and  a  third  62  KDa  band  which  appeared  only  in  the  milk  of  AChE-R 
transgenics.  Finally,  recombinant  AChE-S  yielded  a  single  band  of  65  KDa. 

Sucrose  gradient  sedimentation  profiles  (Fig.  2)  indicated  that  milk  AChE-R  and 
AChE-C  are  monomeric,  yet  revealed  both  G1  monomers  and  G2  dimers  in  muscle 
extracts  from  AChE-R  transgenics.  Monomeric  structure  is  consistent  with  AChE-R 
and  AChE-C  not  having  a  C-terminus  that  contains  a  sulfhydryl  group  that  can  be 
oxidized  to  form  a  disulfide  bridged  dimer,  like  AChE-S.  The  G1  (monomer)  peak 
was  immunopositive  for  both  an  antibody  generated  against  the  unique  C-terminal 
sequence  of  AChE-R,  and  an  antibody  that  was  directed  to  the  core  protein  shared  by 
all  AChE  variants.  In  contrast,  the  G2  material  reacted  only  with  the  anti-core 
antibody  (data  not  shown),  suggesting  that  the  dimeric  enzyme  most  likely  originated 
from  E5-containing  transcripts  in  the  muscle  tissue. 

AChE-R  displays  distinct  inhibitor  sensitivities 

Inhibition  studies  of  AChE-R  from  transgenic  mouse  milk  revealed  clear  differences 
between  this  variant  and  AChE-E  or  AChE-S  purified  from  human  red  blood  cells  and 
transfected  HEK  293  cells,  respectively.  Fig.  3  presents  the  inihibitors  tested  and 
inhibition  curves  for  the  different  agents  and  Tables  2  and  3  present  the  apparent  Ki 
values  for  the  variant  enzymes  for  reversible  and  pseudo-irreverrsible  inhibitors. 
AChE-E  appeared  10-fold  more  sensitive  to  the  peripheral  site  inhibitor  propidium 
than  AChE-S.  Conversely,  AChE-R  was  6-fold  more  sensitive  than  AChE-S  to  the 
parathion  metabolite  paraoxon,  with  AChE-E  presenting  an  intermediate  K;  value  of 
90  pM  for  this  insecticide  metabolite. 

Because  of  the  relatively  low  affinity  of  AChE  for  DFP,  it  was  difficult  by  this 
method  to  evaluate  the  Ki;  the  second  order  rate  constant,  of  3  x  104  Mimin'1  for  all 
the  three  variants  is  not  dissimilar  from  the  value  of  7  x  104  Mimin'1  reported  by 
Schwarz  et  al.,  (1995).  The  carbamate  pyridostigmine  showed  essentially  similar 
capacities  to  inhibit  AChE-S  and  AChE-R,  with  slightly  higher  Ki  of  100  pM  for 
AChE-E.  Rivastigmine,  another  carbamate  inhibitor,  was  significantly  more  efficient 
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in  inhibiting  AChE-R  than  the  two  other  variants.  This  was  consistent  with  the 
selective  affinity  of  rivastigmine  for  soluble  brain  AChE  monomers  (Anand,  et  al., 
1996),  as  AChE-R  lacks  the  potential  for  multimerization.  Finally,  both  tacrine  and 
donepezil  inhibited  the  three  AChE  isoforms  to  the  same  extent  (Table  2). 

Substrate  affinities  were  not  dissimilar  among  the  variants.  All  showed  an  apparent 
Km  values  close  to  0.2  mM  for  acetylthiocholine;  the  K;  that  characterizes  substrate 
inhibition  was  also  fairly  similar  for  the  AChE-S,  -R  and  -C  variants,  2.7,  2.3  and  1.3 
mM,  respectively. 

Inhibition  of  AChE-R  is  unaffected  by  the  presence  of  its  unique  C-terminal 
sequence 

A  priori,  the  increased  drug  sensitivity  of  AChE-R  may  be  due  to  an  effect  of  the  C- 
terminal  peptide  that  is  unique  to  this  isoform.  Alternatively,  or  additionally,  it  may 
reflect  the  inhibitor  sensitivities  of  the  core  AChE  protein,  with  this  C-terminal 
peptide  being  inert  with  regard  to  inhibitor  interactions  but  the  peptides  of  AChE-S 
and  AChE-E  causing  the  differences.  A  third  possibility  was  that  the  distinct 
sensitivities  of  the  three  variants  reflect  contributions  of  both  their  common  core  and 
their  respective  C-terminal  peptides.  To  resolve  these  possibilities  we  compared  the 
inhibition  curves  of  AChE-R  with  those  of  AChE-C,  also  produced  in  transgenic 
mice,  for  rivastigmine,  DFP  and  paraoxon.  In  all  three  cases,  indistinguishable 
inhibitor  senstivities  were  observed  (Tables  2,  3),  suggesting  that  the  hydrophilic  C- 
terminal  peptide  of  AChE-R,  unlike  the  AChE-S  and  AChE-E  C-terminal  sequences, 
does  not  significantly  contribute  to  the  inhibition  profile  of  this  enzyme  isoform. 

The  inhibitor  sensitivities  of  AChE-R  are  reflected  in  vivo 

The  normally  rare  AChE-R  isoform  accumulates  in  the  mammalian  brain  following 
stress  (Kaufer,  et  al.,  1998).  Its  unique  inhibitor  sensitivities  therefore  predicted 
altered  anti-cholinesterase  sensitivities  under  post-stress  conditions.  Impaired 
assembly  of  brain  AChE  into  multimeric  molecules  should  reflect  the  accumulation  of 
AChE-R  in  the  stressed  brain.  This  was  tested  by  sucrose  gradient  centrifugation. 
Similar  volumes  of  1:10  (w/v)  brain  homogenates  from  AChE-R  or  AChE-S 
transgenics,  untreated  and  stressed  FVB/N  mice  revealed  higher  hydrolytic  activities 
in  transgenics  and  stressed  mice,  and  different  ratios  between  monomers  and 
tetramers  in  transgenic  or  stressed  as  compared  to  control  mice  (Fig.  4).  The  striking 
increase  in  the  monomeric  fraction  following  stress  (with  the  G1:G4  ratio  increasing 
from  0.14  to  1.05)  indicated  a  massive  accumulation  of  the  AChE-R  protein  in 
stressed  brain.  In  comparison,  G1  :G4  ratios  in  AChE-R  and  AChE-S  transgenics  were 
0.65  and  0.12,  respectively.  Accordingly,  sensitivity  to  rivastigmine  in  the  brain  of 
stressed  or  AChE-R  transgenic  mice  was  two  times  higher  than  in  control  FVB/N 
mice,  with  IC50  values  of  36.1  ±  2.2,  39.2  ±  10.8  and  78.5  ±  8.1  pM,  respectively.  In 
contrast,  sensitivity  of  all  cortex  preparations  to  donepezil  was  similar  (Fig.  4B). 
Thus,  the  in  vitro  inhibitor  sensitivities  of  AChE-R  are  reflected  in  vivo. 

Discussion 

Considering  that  anti-cholinesterase  therapy  has  not  one  but  three  AChE  targets,  we 
found  that  each  of  these  targets  has  a  characteristic  affinity  for  inhibitors.  The 
proportion  of  total  AChE  activity  that  each  of  these  targets  represents  varies  with  the 
physiological  state  of  the  individual,  particularly  under  stress.  Using  muscle  and  milk 
of  transgenic  mice  that  over-produce  the  different  human  AChE  variants,  we  observed 
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significant  differences  in  their  biochemical  and  immunochemical  properties  and  their 
inhibitor  sensitivities.  These  findings  are  important  at  several  levels  of  human  health 
and  well  being.  First,  they  propose  a  molecular  mechanism  for  at  least  some  of  the 
observed  individual  responses  to  anti-AChEs.  Our  data  imply  that  the  stress  level  of 
treated  or  exposed  individuals  or  previous  episodes  of  anti-AChE  treatment  or 
exposure  may  change  their  drug  sensitivity.  This  helps  to  explain,  for  instance,  the 
fluctuations  over  a  wide  range  of  neostigmine  doses  administered  to  individual 
patients  with  myasthenia  gravis,  and  may  contribute  to  an  explanation  of  the 
neuromuscular  consequences  of  their  treatment  by  anti-AChEs  (Evoli,  et  al.,  1996). 
Similarly,  the  feedback  response  leading  to  AChE-R  accumulation  under  anti-AChE 
exposure  may  explain  the  gradual  increase  in  drug  dose  that  is  recommended  at  the 
onset  of  treatment  for  Alzheimer’s  disease  (Winkler,  et  al.,  1998). 

Susceptibility  to  stress  responses  may  be  regarded  as  a  quantitative  trait  dependent  on 
the  combined  contributions  of  several  genes.  Such  a  genetic  component  implies  that 
the  distinction  between  “responders”  and  “non-responders”  to  anti-AChEs  treatments 
may  be  due,  at  least  in  part,  to  their  genetic  predisposition  to  stress  responses.  In 
addition,  environmental  factors  may  contribute  to  such  differences.  These  were 
suggested  to  include  oxidative  stress,  in  addition  to  previous  anti-AChE  exposure.  The 
classification  into  anti-AChE  responders  and  non-responders  based  on  their 
apolipoprotein  E- variants  may  be  related  to  such  stressors  (Thai,  et  al.,  1996).  In 
addition,  blood-brain  barrier  disruption  under  stress  (Friedman,  et  al.,  1996)  would 
further  contribute  to  the  ease  by  which  anti-AChEs  reach  brain  neurons  and 
complicate  the  effects  of  stress.  Facilitation  of  the  feedback  response  of  AChE-R 
accumulation  and  change  of  individual’s  sensitivity  to  anti-AChEs  may  therefore  be 
subject  to  drastic  treatment-  and/or  stress-induced  modulations. 

Our  sucrose  gradient  analyses  extend  previous  reports  that  AChE-R  increases  under 
stress  (Kaufer,  et  al.,  1998,  Kaufer  and  Soreq,  1999).  Thus,  a  30%  increase  in  AChE 
activity  in  the  brain  of  AChE-R  transgenics  (Stemfeld,  et  al.,  2000)  leads  to  a  G1:G4 
ratio  of  0.65,  but  90  min  post-stress,  this  ratio  is  even  higher  at  1.05.  AChE-R  may, 
therefore,  represent  over  a  third  of  the  brain  enzyme  in  the  post-stress  state. 
Accordingly,  the  inhibition  studies  demonstrated  more  effective  inhibition  of  AChE 
by  rivastigmine,  but  not  donepezil,  in  the  post-stress  brain.  This  would  be  consistent 
with  the  increased  fraction  of  monomeric  AChE-R  under  stress.  Intriguingly,  the 
fraction  of  AChE  monomers  increases  in  Alzheimer’s  disease  (Arendt,  Bruckner  et  al. 
1992;  Ogane)  [Giacobini,  2000  #1585.  Moreover,  the  therapeutic  efficacy  of 
rivastigmine  for  treating  Alzheimer’s  disease  patients  has  been  attributed  to  its 
selective  interaction  with  globular  monomers  of  brain  AChE,  especially  in  the 
hippocampus  (Anand,  et  al.,  1996).  Our  current  evidence  demonstrates  particular 
specificity  for  this  drug  for  the  AChE-R  protein,  which  is,  as  we  have  shown, 
monomeric.  This  points  to  AChE-R  as  the  protein  target  of  choice  for  Alzheimer’s 
disease  therapy  yet  predicts  potentially  harmful  accumulation  of  rivastigmine-blocked 
AChE-R  in  the  brain  of  patients  treated  with  an  anti-cholinesterase.  Because  some  of 
the  morphogenic  properties  of  AChE  were  shown  to  be  unrelated  to  its  catalytic 
activity  (reviewed  by  Grisaru  et  al.,  1999),  blocked  AChE  may  still  lead  to 
progressive  damage,  as  is  seen  in  AChE-transgenic  mice  (Beeri,  et  al.,  1995,  Beeri,  et 
al.,  1997).  The  alternative  option  of  antisense-based  suppression  of  AChE  production 
(Shohami,  et  al.,  2000,  Seidman,  et  al.,  1999)  appears  advantageous  as  it  eliminates 
AChE  production  altogether,  reducing  both  catalytic  and  non-catalytic  activities. 
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Alternatively,  or  in  addition,  the  design  of  the  next  generation  of  anti-cholinesterase 
drugs  should  take  into  consideration  the  individual  properties  of  variants  of  the 
protein. 

Finally,  our  findings  demonstrate  that  measurements  of  AChE  catalytic  activity  do  not 
provide  a  complete  picture  of  the  outcome  of  treatment  with  or  exposure  to  anti- 
AChEs.  Rather,  immunodetection  of  specific  AChE  variants  is  preferable.  Such 
analyses  can  yield  insights  regarding  the  composition  of  AChE  variants  in  exposed 
individuals  and  indicate  the  appropriate  drug  selection  and  dose  determination  for 
treatment. 
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Table  1.  Production  of  human  AChE  variants  in  milk  of  transgenic  mice 

Three  DNA  constructs  encoding  alternative  isoforms  of  recombinant  human  AChE 
(Stemfeld,  et  al.,  1998)  were  used  for  introduction  into  transgenic  mouse  pedigrees. 
Milk  of  females  from  each  of  these  lines  was  collected  from  nursing  mice  7  days  post 
partum.  Milk  and  muscle  hydrolysis  rates  of  ATCh  were  determined 
spectrophotometrically  using  a  modification  of  Ellman's  assay  (Andres,  et  al.,  1997), 
in  the  presence  or  absence  of  10"5  M  of  the  selective  BuChE  inhibitor  iso-OMPA. 
Activity  is  expressed  as  nmol  ATCh  hydrolyzed/min/pl  (milk)  or  /mg  protein 
(muscle).  _ 


“The  source  of  AChE-R  was  transgenic  mouse  milk  and  of  AChE-S  and  AChE-E,  the 
commercial  human  recombinant  and  human  erythrocyte  enzymes.  The  experiments 
were  performed  in  triplicate. 

Table  3.  Kinetic  constants  for  inhibition  of  AChE  by  pseudo-irreversible 
inhibitors3  _ _ 


rivastigmine  paraoxon _ pyridostigmine 


kj  (min'1) 

Ki  (pM) 

kj  (min'1) 

Ki(pM) 

k;  (min'1) 

Ki  (pM) 

AChE-R 

0.023 

0.7 

0.40 

4.5 

0.055 

0.11 

AChE-S 

0.068 

4.8 

0.28 

6.6 

0.036 

0.14 

AChE-C 

0.047 

2.9 

0.58 

3.0 

0.030 

0.19 

“The  source  of  AChE-R  and  AChE-C  was  milk  from  the  corresponding  transgenic 
mice,  and  AChE-S  was  the  commercial  human  recombinant  enzyme.  The  experiments 
were  performed  in  triplicate  at  27  °C. 
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Fig.  1.  AChE-R  transgenic 
mice  produce  distinct 
AChE  variants  in  muscle 
and  milk 

A.  Activity  gel.  Samples  of 
cholinesterases  (with  activity 
of  AA405  of  approx.  0.4/min 
in  the  Ellman’s  assay)  were 
electrophoresed  on  non¬ 
denaturing  polyacrylamide 
gels.  Cholinesterase  activity 
was  detected  using  the 
Karnovsky  method 
(Karnovsky  and  Roots, 
1964).  Shown  are  (from  left 
to  right):  human  serum 
BuChE;  AChE-S  from 
transgenic  mouse  brain; 
AChE-E  from  human 
erythrocytes;  milk  and 
gastrocnemius  muscle 
extracts  from  AChE-R 
transgenic  and  control  mice. 
Upper  bands  (upper  arrows) 
denote  slowly  migrating 
AChE-E.  Lower  bands 
(lower  arrows)  denote 
AChE-R.  The  different 


mobilities  are  probably  due  to  different  post-translational  processing. 

B.  Immunodetection  of  recombinant  human  AChE  in  milk  and  muscle  of  transgenic 
mice.  Right:  Immunoblot;  samples  of  milk  and  muscle  extracts  (40  |ig  of  total  protein) 
from  AChE-R  transgenic  and  control  FVB/N  mice,  and  purified  recombinant  AChE-S 
(6  I.U.)  were  subjected  to  8%  SDS-PAGE  and  blotted  onto  nitrocellulose  filters.  After 
blocking,  the  blot  was  reacted  with  monoclonal  antibodies  raised  against  denatured 
AChE-C  (core)  and  then  with  horseradish  peroxidase-conjugated  goat  anti-mouse  IgG 
md  subjected  to  chemiluminescent  detection. 

Two  immunoreactive  bands  (72  and  54  KDa)  appear  both  in  transgenic  and  non- 
transgenic  milk.  The  upper  band,  markedly  stained  by  the  Ponceau,  co-migrates  with 
mouse  serum  albumin  which  is  abundant  in  mouse  milk.  However,  a  62  KDa  band, 
the  predicted  size  of  the  AChE-R  protein,  appears  in  the  milk  and  muscle  of  AChE-R 
transgenic,  but  not  control  mice.  In  the  transgenic  muscle,  an  additional 
immunopositive  band  of  70  KDa  was  detected,  not  found  in  non-transgenic  muscle. 
This  band  most  likely  reflects  muscle-specific  production  of  AChE. 

Left:  Ponceau  staining  of  the  proteins  on  the  nitrocellulose  filter. 
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relative  AChE  activity 


Fig.  2.  Sedimentation  profiles  of 
variant  AChEs  from  milk  and 
muscle  of  female  transgenic  mice 

Presented  are  one  of  4  replicate 
sedimentation  profiles  in  5-20% 
sucrose  gradients  of  AChE  activities 
from  milk  and  whole  gastrocnemius 
muscle  extract  from  mice  expressing 
the  AChE-R  trangene  and  of  milk 
from  mice  expressing  AChE-C.  All 
sedimentation  profiles  were  aligned 
with  bovine  catalase  as  a 
sedimentation  marker  (1 1.4  S),  whose 
position  is  indicated  in  the  upper 
panel.  Note  the  prominent  peak  of  the 
monomer  (Gl),  in  milk  of  transgenics 
expressing  either  AChE-R  or  AChE- 
C;  the  similar  sedimentation 
properties  of  AChE-R  and  AChE-C 
are  compatible  with  the  two 
monomers  differing  only  by  a  short, 
hydrophilic  sequence.  An  additional 
shoulder  of  AChE-E  dimers  (G2),  is 
detectable  in  muscle  from 
AChE-R  transgenics. 
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Fig.  3.  AChE  from  transgenic  AChE-R  mouse  milk  displays  high  sensitivity  to 
inhibitors 

A.  Structures  of  the  AChE  inhibitors  used  in  this  study. 

B.  AChE  from  the  milk  of  AChE-R  transgenic  mice,  human  erythrocytes  (RBC- 
hAChE-E)  and  human  recombinant  AChE-S  (hrAChE-S)  were  pre-incubated  for  10 
min  with  the  indicated  concentrations  of  inhibitors  in  Ellman’s  reagent  and  AChE 
activity  was  measured.  Data  are  presented  for  each  AChE  isoform  as  percent  of 
uninhibited  activity.  Note  that  milk  AChE-R,  as  expressed  in  AChE-R  transgenic 
mice  (open  circles),  is  more  sensitive  to  the  organophosphates  DFP  and  paraoxon  and 
to  the  carbamate  inhibitor  rivastigmine  than  are  the  other  AChE  variants;  AChE-R 
displays  the  same  sensitivity  as  AChE-S  and  AChE-E  to  the  carbamate 
pyridostigmine  and  tacrine,  and  is  less  sensitive  than  AChE-E  to  propidium.  Note  also 
that  the  range  of  the  abscissae  for  the  upper  4  panels  is  shown  above  them,  and  for  the 
lower  4,  below  them. 

C.  AChE-R  and  AChE-C  compared  according  to  their  inhibition  by  rivastigmine,  DFP 
and  paraoxon. 
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Fig.  4.  Transgenic-  and 
stress-induced  alterations 
in  brain  AChE 
sedimentation  profiles 
and  inhibitor  sensitivities 

A.  Immunoblot  film,  for 
transgenics  and  control  and 
stressed  control.  The 
antibody  was  one  targeted 
to  the  common  core  domain 
of  human  AChE;  the 
positive  signal  obtained 
with  this  antibody  in 
control  mouse  samples 
demonstrates  massive  cross 
reactivity  with  the  mouse 
enzyme. 

B.  Shown  are  one  of  four 
sedimentation  patterns  of 
catalytically  active  AChE 
from  the  somatosensory 
cortices  of  untreated  and  90 
min  post-stress  FVB/N 
mice  and  from  untreated 
AChE-S  and  -R  transgenic 
mice.  The  total  AChE 
activity  of  the  control 
preparation  was  0.97  ± 
0.19;  for  the  stressed  group, 
1.12  ±0.16;  for  the  AChE- 
S  transgenics,  1.48  ±  0.34; 
and  for  the  AChE-R 
transgenics,  1.36  ±  0.18 
mmol/min/mg  wet  tissue 
weight.  The  G1:G4  ratios 
for  these  preparations, 
caclulated  from  the  areas 
under  the  peaks  and  above 
the  lines  constructed  below 


them,  are:  control,  0.14;  stress,  1.05;  AChE-S,  0.12;  and  AChE-R,  0.65. 

C.  Shown  are  inhibition  curves  of  pooled  somatosensory  cortex  homogenates  (n  =  4  in 
each  case),  closely  similar  in  dilution,  of  the  above  model  systems  (control  and 
stressed  FVB/N  mice  and  AChE-R  transgenics).  Inhibition  was  with  increasing  doses 
of  donepezil  and  rivastigmine.  Note  the  increased  sensitivity  to  the  latter  in 
experimental,  as  compared  to  control,  samples. 
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